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PREFACE TO THE FOURTH EDITION 


During the last ten years, since the third edition of this book 
was* prepared, the science of geology has continued its rapid 
progress. Through intensive research, many advances have been 
made in the understanding of physiographic processes and forms, 
in the classification of metamorphic rocks, in the field interpreta- 
tion of igneous bodies, and in the subsurface correlation of strata. 
Especially notable has-been the increased use of various geo- 
physical methods for geologic exploration. 

In revising Field Geology ’’ for this fourth edition, we have 
aimed to include among new topics only those which can be said 
definitely to be applicable in the study of pure geology in its 
numerous branches — especially stratigraphy, structural geology, 
and geologic history — and we have refrained from including 
discussion of methods that are of very limited application in 
pure geology. New material will be found on mass movements, 
varvs, lensing strata, permeability of sedimentary rocks, flow 
structure and fracture structure in igneous rocks, field study 
of igneous bodies, preferred orientation of mineral constituents 
of rocks, analysis and classification of folds and faults, electrical 
logging,, subsurface correlation by radioactivity, and so on. The. 
chapters on airplane mapping and geophysics have been rewritten 
and enlarged. An abbreviated table for the identification of 
common rock minerals has been included as Appendix II, and 
the table for classification of igneous rocks has been revised as 
Appendix* III. 

A few words of explanation are in order in partial reply to 
questions from interested users of the book. We have not seen 
fit to expand Chapter X on Mineral Deposits because adequate 
treatiaent of geology applied to mines ancf mimng would necessi- 
tate a great increase in the size of the book, and, furthei^ere, we 
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viii J^IiEFACE TO THE EOLJUTIl EDITION 

})diov(' (hiU Uiis is fi subjc'cL which can be more satisfactorily 
haiulled in a sc'parale volume. With refi;ard to Chapter XXIII 
on (i(M>f)hysical Mt'thods, the objeuit of our treatment is not to 
iotivh tlu' student to b(‘c,ome a seo|)liysicist, Init rather to explain 
to th(» ^('ologist how th(' p;eophysical im^thods may b(^ of service 
for elucidation of geologic problems. After due consid(;ralion, 
t h(' Bibliofijraphy has bec^n n^taiiu'd at the (^iid of th(^ book ratln^r 
than dividing it into se])arat(i groups of refereiuH's appemded to 
tlu' (‘ud of each chapter. 

Space will not j^n’mit naming all those who helped the aullior 
by various suggestions for this n^vision. Many teachers and 
many studemts w(ne int<(Trogat(‘d for their opinions, and as far 
as practical their idc^as have bec'ii followed. In particular, w'(* 
wish to express our gratitudes to Professo^rs J. D. Barksdale, R. Iv. 
Belknap, M. P. Ihllings, Eliot l^huskwelder, A. F. Buddington, 
II. E. Culver, R. F. Flint, R. H. Hopper, R E. Marsell, V. K. 
Moiinett, L. R. Page, II. E. Quinn, V. 10. Scheid, G. M. Schwartz, 
Gayle Scott, R. E. Sherrill, II. T. U. Smith, P. B. Stockdale, W. 
T. Thom, Jr., F. M. Van Tuyl, and W. A. Ver Wiebe, for their 
(ionsfructivc criticisms; and to Messrs, J. F. Anderson, Wm. M. 
Banet, Paid Browming, C B. Claypool, L. G. Ellis, W. E. 
Hollingsw'orth, J. I). Marr, C. R. Nichols, John M. Pearson, 
R. E. Rettger, B. E. Richert, II. W. Rose, I.. C. Smith, and L. W. 
Storm, for assistance in i^reparing new material for the fourth 
edition. To the late Dr. J )onald C. Barton, also, w e owe a debt of 
gratitude for several valuable suggestions. Among the (51 new 
illustrations, several were dra^vn from outside sources, with tlui 
kind permission of authors and publishers. Acknowledgment for 
these has Ix'en given individually under the respective figures. 


F. H. T^ahke. 



PREFACE TO THE FIRST EDIl TON 

This book tnvals the subjocii of geology from the fi(‘ld siand- 
poinl. It is ii)t('nded l)oth for a textb(H)k and for a poeki'i 
manual. As a manual the author hopes that it will be of s(Tvi(*(* 
not only to students of geology, but also to mining engiiUHTs, 
civil enginc'ers, and others wliose interests bring tlumi in touch 
with geologic problems. The book lias been w^rith^n on tlu* 
assumption that tlui reader has an elementary knowl(‘dg(j of 
general geology and also an aequaintance with a few common 
minerals and roc^ks. 

The first twelve chapters ar(‘ concerned Vith the recognition 
and interpretation of g(‘ologic structur(‘s and t.opogray)hi<! forms 
as they are observed. th(‘ aim has been to d(\scril)e tog(*t h<T 

])hcnomena which in certain r(\spccts res(*mbl(* one anolh(T, but 
which may be of diverse origins. Whenj possible* the t.niatmeiif. 
has been empirical rath(*r than genetic. In ord(‘r to assist the 
reader in identifying various forms and structures, a number of 
tables or k<*ys have been prepanid. From the V(u*y nature) of 
geology they cannot be final or complete. They are presented 
with the hope that they may be of some value at least, in showing 
what features to observe in the field. 

In the last six chapters are described methods of geologic 
surveying, the nature and constniction of maps, sections, and 
block diagrams, the interpretation of topographic and geologic 
maps, the solution of certain geologic computations, and the 
preparation of geologic reports. 

An appendix containing several tables of practical value, a 
bibliography to which there are man}^ footnote referenc(*s 
throufhoiit the text, and an index which has been made as com- 
prehensive as possible, will be found at the end of the book. 
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PREFACE TO THE FIRST EDITION 


The author wishes to express his sincere grat«itude to his wife, 
to Professors W. M. Davis, W. Lindgreii, R. A. Daly, and H. W. 
Shimer, and to Dr. J. D. Mackenzie, for valuable advice and 
criticism. 

For illustrations the writer is indebted as follows, the specific 
sources being noted in certain cases in parentheses;^ to Professor 
W. Lindgren for Figs. 159 and 24G (‘* Mineral Deposits’^); to 
Professor R. A. Daly for Figs. 84, 96, and 109 (“Igneous Rex^ks 
and Their Origin”); to the Geographical Journal (London) for 
Fig. 295 (replaced in 4th ed.) ; to the Harvard Geological Museum 
for permission to photograph specimens for Figs. 13-17, 71, 229, 
233, and 234; to the University of Chicago Press and the Journal 
of Geology for Figs. 49 and 456; to the Carnegie Institute of Wash- 
ington for Figs. 277, 291, and 292; to the Geological Society of 
America for Figs. AA and B (modified), 157, 158 (modified), 254, 
and 287; to Dr. W. F. King, Chief Astronomer, D(ipartmeht of 
the Interior, Ottawa^for Fig. 68 (from R. A. Daly^s “Geology of 
the North American Cordillera at the 49th Parallel”); to Mr. 
R. W. Sayles for Fig. 32; to the Geological Survey of New Jersey 
and the U. S. Geological Survey for Fig. 296; to the U. S. Geologi- 
cal Survey for Figs. 5 {An, Kept, 7), 41, 77, 96, 97 {Bull. 404), 
16(3-168 {An. Kept. 13), 227 {Bull. 275), 232 {Bull. 239), 248 
{An. Kept. 4), 250 {Folio 15), 268 {Bull. 576), 269, 271-275, 279 
{Prof. Paper 82), 288 {An. Kept. 17), 294, 297, 298, and 299 
{Prof. Paper 82), 301, 302, 304, 305, 310, 313 {Prof. Paper 64), 
315, 318 {Bull 273), 319, 320, 323, 324 {Prof. Papei' 61), 325 
{Prof. Paper 67), 335, 339 {Prof. Paper 61), 340 {Monog. 1), 341- 
343, 344 {An. Kept. 21), 345, 480 {BuU. 300), 514, and 545; to 
the Coast and Geodetic Survey for Plate I; to Professor C. K. 
Leith for Fig. 130; to Professors E. Blackweldcr and H. H. 
Barrows for Fig. 231 B; and to Professor W. M. Davis for Figs. 
265-267, 308, 336, and 337. Figures 265 (redrawn by F. H. L.), 
266, 267, 308, and 336 were taken from Professor Davis' “Geo- 
graphical Essays,” and Fig. 337 from “Physical Geography” 

^ In this paragraph the original figure numbers have been chafed to 
agree with their present numbers in the fourth edition. 
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by W. M. Davis and W. H. Snyder, by permission of Ginn and 
Company, Publishers. 

To Professor H. F. Reid 1 he author i.s grateful for permission 
to draw from his articles published in Bulletins 20 and 24 of 
the Geological Society of America. 

The late Dr. C. W. Hayes very generously gave the writer 
entire freedom to borrow from his “Handbook for Field Geolo- 
gists.” Several mathematical tables were copied from this source. 

F. H. L. 
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CHAPTKH. I 
INTRODUCTION 

General Definitions 

1. Processes of Erosion. — On Iho earth ^s surface various 
agents are engaged in Ihe woik of rock destruction. Rivers 
wear their channels; waves undermine tlu' cliffs along shores; 
wind, when it has free pltiy, scours the rocks over which it blows; 
and glaciers abrade their bods. These are all i)roc(*sses in which 
the agent is moving while in operation. Th(‘r(‘ arc^ other kinds 
of work in which the agents are essentially motionless. For 
instance, alternate heat/ing and (tooling in r(‘giorrs of wide t(mi- 
perature range may cause the s(q>aration of grains and chips 
from the surface of a rock; moisture in the cracks of a rock 
expands in freezing and may wedge off block aftin* block; certain 
minerals may be de(;omposed and carried away in solution; and 
so on. Whether accomplished by moving or motionless ag(mts, 
the various processes of rock destniction come under the head 
of erosion (e, off, + redo, gnaw). Mechanical wear by rivers, 
wind, etc., is corrasion; chemical wear is corrosion. Many of 
the processes effected by agents which are essentially motionless 
are included in the term, weathering. Weathering accomplished 
in a chemical way is decomposition and that accomplished in a 
mechanical way is disintegration. 

2. Products of Erosion. — Through erosion a quantity of debris 
is formed equivalent to the amount by which the rocks arc worn 
down. Ordinarily it is borne; away from its source, part being 
in solutton and part being handled mechanically, and is eventually 

1 
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fu;cumulii1(j(l as st^diinonlar}'^ materials. * Deposits of tliis sort 
arc callcnl tram^portrrL If pioduets of erosion remfiin itt sitv (bey 
are known as residual deposits. Transported deposits are chem- 
ical if tlu\y were precipitated from solution, and they are mechan- 
ical, fragmeutaly or clastic^ if th(^y consist of dc^tached j)articl('s 
and fragm(^n(«s of the parent rock and if their accumulation was 
brought about l)y mechanical means. Chemical and rnt'chanic^al 
sediments may be organic or inorganidy dei)ending eiliier upon the 
nature of the materials or upon the agemt of their deposition? All 
these deposits, including clay, mud, sand, gravel, soil, and the 
like, arc known collectively as mantle rock. 

3. Mass Movements. — Processes of erosion involve not only 
the transportation of individual particles and fragmenls of 
rock by such ag(‘nts as wind, water, and i(^e but also the moving 
of mass(‘s of rock d^*bris. These i)roc(ih\ses are classified as mass 
movements. They include slow flowage (rock (;rc^e]>, soil -creep, 
solifiuction); rapid flowage (sheetflood, mudflow, dt^bris ava- 
lanche); landslide (slump, d6bris slides, rock slides); and sub- 
sid(uice (over mines, caverns, etc.). As suggest'd by these 
names, all these movements arc due to insufficient support (.o 
prevent th(i settling or collaps(‘ of masstjs of rock material under 
the pull of gravity. In the different classes of mass movement, 
interstitial water (or ice) may be effective in lubricating or other- 
wise facilitating the movement.*^ 

4. Bedrock, Outcrop, and Exposure Defined. — Everywhere 
below the mantle rock, solid rock, or bufrocky is known to exist. 
When the bedrock projects through the overlying mantle 
of detritus, the protruding portions arc called outcrops. Out- 
crops and also sections in the unconsolidated superficial mantle 
rock may be referred to as exposures. 

5. Lithosphere Defined. — If erosion should continue long 
enough in any region and if the products of this erosion should 


1 Sediment and sedimentary are used in this book in their widest sense with 
reference to all rocks which originate upon the earth’s surface and which arc 
derived through the destruction of preexisting rock. 

• For a full discussion of this subject, see Bibliog., Sharpe, C. F. S^tew^a'rt, 
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b(' rcmov(»d,* at last rocks might bo oxpos('tl won' oikh' i\\ 

groat depth. This is just what has happ(‘nod over l)road areas 
on th(* (!ontinents and coiisecpiontly wo are able* today t o aoo and 
study rooks some of wliioh have b(‘on several mik's I)elow tlu* 
earth's surface. We may say, tlnm, that we are in some' dc^gnM' 
familiar with th(^ solid part of tlu' earth dow'n to a ck^pth of 
several- probably w(*ll within 25- - miU's, at k^ast as far as th(‘ 
continents are concerned. Of tlu* oc(*an basins we know rnucli 
k\ss;'*but of this fact we can f(‘el c('rlain, that for some disUincc^ 
beneath the oc.cian floor, as likewise' for some distance beneath 
the land surface, the^ earth consists of rocka of one kind or another. 
This outer rocky shell of the earth, of which the continental 
portions have beH'n to a certain extcint brought- within our 
observation, is the lithosvhcre, 

6. Field Geology Defined. — Whc'n rocks and rov.k materials 
are investigated in their natural environment and in their 
natural relations to one another, tlu^ study is called field geology. 
Field geology seeks to describe and (explain tlu' surfac(i features 
and underground structure of the lithosf)here. Physiography 
and structural geology are equally important in the science of 
field geology. Subsurface geology, likewise very important, 
pertains to the study of rock relationships by the use of data 
obtained underground, as in minces or from drilled wells. It is 
in contrast to surface geology, which is the collection and study 
of superficial evidences. 

7. Observation and Inference.- Picld geology is n(*(‘('ssarily 
founded upon observation and inf(;r(*nc('. Only feature's that 
are superficial can be observed; all else must be intern'd. Wc^ 
may study the surfacrcj of an outcrop, of a valk'y, or of a sand 
grain, but in attempting to explain the internal structure of 
the outcrop, or w'hat underlies the valley, or how’ the sand grain 
w'as fashioned, we are forming inferences by interpreting certain 
visible facts. The ability to infer and to infer correctly is the 
goal of training in field geology, for one's proficiency as a geologist 
is measured by one's skill in drawing safe and reasonable con- 
clusiuisB from observed phenomena. 
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8. Correlation.- - No geologic structun's unci no land forms, 
such as hills, vall(*ys, and ilic like (246),' exist as isolated phe- 
nomena. h]vc^ry geologic, fexitine is in some way dependent 
upon, or associated with, other genlogie; fe'ature\s, and this 
depondeney or associatieni the field g(K)le)gist must dise^over. 
This is what is meant by correlation. The word signifies the 
de^scription or explanation of one gex)logic phenomenon in refla- 
tion to e)thens. Herei is an eixample to illustrate the case: By 
ele‘finitie)n all outcrops are expose'd portie)ns of the bcMlrock 
underlying the superfie*ial unconsolidated mantle rock. Accord- 
ingly, whefii the geologist examinees a sericis of outcrops he should 
be^ar in mind that the\y are not single, detached forms, but 
that the\y are visibles parts of a rock be)eiy which is continuous 
beneath the soil and that the rocks or structures which they 
exhibit arc in some way mutually related. He will be correlat- 
ing these outcrops when he studies tlumi from this broad, point 
of view and endeavors to explain these mutual relations. 

9. Multiple Working Hypotheses.- Gijologic interpretation 
is facilitatc^d by what is termed the method of multiple work- 
ing hypotheses. Suppose, for instance, that the surface of a 
rock is marked by parallel grooves. In order to explain the 
origin of this featun', the geologist should call to mind all possible 
ways in which such parallel grooves might be produced. These 
are his working hypotheses. To determine which is the right 
one, he must examine the rock surface for other phenomena 
which are associated with the grooves, for each hypothesis 
])ostulates a certain group of geologic features which are mutually 
related. 

The same principle may be applied where extensive correla- 
tion is necessary. The distribution of outcrops in a small area 
may be such as to suggest that a certain igneous rock comes 
into contact with a certain sedimentary rock, but the actual 
junction line may be concealed beneath the mantle rock. The 
relation may bo explaiiuid on the assumj>tion that the two rock 
bodies meet in an intrusive contact, in a fault, or in a surface of 

‘ Numbers in parentheses ref(*r to the articles in the text, dciioiiiinated by 
tke side headings. 



7NTRODVCT10N 


r> 


lUiroijforinhy. Those thn^o working hypotheses tiio geologist 
wonld Ikivc 1o keoj) in mind while looking for furl her evideneo 
to as(*.(*jtiiin which is the true interpreliition. 

10. The Study of Exposures. — Evejy geologic surface ha.s 
fc'atures which deserve an explanation. They may be* purely 
superficial or they may be cross sections of sti’uctures or* forms 
that extend bellow the surface. In the latter ev(*nl they probably 
beloiig to the struc^ture of the rock. To discriminate bet.w'(*(*n 
such superficial and structural (diaractea-s, break off a fragm<*nt 
of the bedrock, or, in the case of an unconsolidat e^d deposit, 
scrape off some of the surface mat(‘rial. The freshly expos(*d 
surface will set tle the (piestion. 

If the observed features are superficial, in nrspc^ct to th(‘ii’ 
origin they may be relaled to the surface on which they are 
found in one or another of tlu^se four ways: (1) Thiiy may still 
1)0 in proc(\ss of formation, although j)orhaps the agc‘nt tbat made? 
them is not acting (‘ontinuously. (2) Th(‘y may have* been made 
by some agent no longer working and may not. y(*t have suffered 
alteration unden* the* new conditions. This oftem holds for 
Pleistocene glacial scormgs on hard, fine-grained roc^ks; but, 
smoothed, striated surfaces are soon deslToyed on (exposed 
(joarso granular rocks, which arc much more; susceptible* to dis- 
integration. (3) The surface features, if on b(*drock, may havc^ 
been preserved for a time under unconsolidat(*d deposi1,s which 
have recently been removed (76, 76). Disintegration in c.oarscj 
rocks may be prevented by suc?h a cov(*r. On the other hand, a 
soil mantle may sometimes promote d(*com position of the buric^d 
rock. (4) A buried surfaces like that just mentiom'd may be 
preserved for a much longer time by a thick cover of consolidated 
strata (77). Erosion of the overlying formation may reexpose 
the old surface provided the latter happens to coincide with the 
new erosion surface; but such instances an? very rare and the? 
exposure of the old surface cannot be complete*. 

If the observed features are structural, extending into the 
bedroci: or the mantle rock, as the case may be, they shoidd be 
examined with this fact constantly in mind. A line is then the 
cross section of a surface and an area (band or patch) is the cross 
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section of a body that has three dimensions. 1"ho trend of the 
line is often indicative of the form of the surface which it rej)- 
resents, and the shape of the area is suggestive of the form of the 
body, but there are many exceptions. The geologist should 
always look over the outcrop or the deposit to see if he can find 
the structural surface or body exposed on two faces of this outcrop 
as nearly as possible at right angles to one another. 

11. Primary and Secondary Features Defined. — It is some- 
times convenient to refer to the features on exposures as primary 

or secondary/ according as their 
origin was contemporaneous 
with, or subsequent to, the 
origin of the material in which 
they* are seen. Examples of 
primary structures are. bed- 
ding in sedimentary rocks, rip- 
ple marks, flow structure in 
lava, and the like. Among 
secondary features may be 
mentioned surface stains on outcrops, glacial scratches, and frac- 
tures in rocks. 

12. Dip, Strike, and Attitude Defined. — When one wishes to 

state the position of an inclined flat surface, two definite quanti- 
ties are necessary. One must know the dip, that is, the maxi- 
mum angle of slope of the surface, and one must know the strike, 
which is the direction of the intersection of the surface with 
any horizontal plane (Fig. 1). The dip is an angle in a vertical 
plane and must always be measured downward from the hori- 
zontal plane. The direction of dip is perpendicular to the strike. 
Dip and together determine the position or attitude of a 

to horizontality and to compass directions, 
the attitude of a relatively tliin layer of uniform 
ness will be that of the layer’s upper or lower surface. 
Discriminatioii between Transported and Residual De- 
— Transported and residual deposits have been d^efined 


Fig. 1. — Dip and strike, bae is a horison* 
tal plane. 
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in Art. 1. They can usually be distinguished in the field by 
their relations to the underlying bedrock. As a ixile, trans- 
ported materials are quite unlike the rock beneath them, whereas 
residual deposits commonly grade down into the subjacent 
rock or at least show some chemical resemblance to the latter 
(refer to Chapter III and ix) Arts. 76, 76). 

Tables fou the Identification of Rock Featukes 

14. Use of the Tables. — The succeeding tables are int/(^nded 
for use by beginners in field geology. They require very little 
acquaintance with geologic structures, but they do call for 
an elementary knowledge of the more common mineral and 
rock species. They are ciot to be regarded as absolutely com- 
plete. They are suggestive rather than final, indicating by refer- 
ences the places in the text where further information may be 
found. These references are to the numbered articles. Chapt^er 
and page citations are designated as such. 

Among the general terms employed, the following may lun^d 
definition. Parallel banded or streaked character refers to any 
structure or surface inarking which may catch the eye on account 
of its linear appearance. Massive character may be regarded as 
tiic opposite of banded or streaked character. There is no linear 
appearance. Inclosed areas are superficial patches or spots 
scattered here and there on the surface of the exposure. Inclosed 
bodies are crystals, pebbles, rock fragments, or any other individ- 
ual forms, entirely surrounded by a matrix of some kind of 
material. A contact, in general, is a surface between two contig- 
uous rock masses. In this book the word is used to include 
igneous contacts (116), surfaces of conformity (74) and of uncon- 
formity (76), faults (179), and vein contacts (238). A contact 
line is the line of intersection of a contact surface with the surface 
of an exposure or with the surface of bedrock covered by mantle 
rock; Le.y a contact line may be exposed or concealed. Other 
terms ^re either self-explanatory or are defined in the citations. 
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16. Parallel Banded or Streaked Character. — The exposure 
has a ])arallel banded or streaked appearance 

A. Due merely to a system of parallel fractures (see Art. 22) 

11. Not due to parallel fractures. The banded or streaked appearance is 

1. Purely superficial (10), being due to 

a. Parallel stains which trend down a sloping surface or follow 
parallel grooves. Such stains may consist of iron nist (ycdlow, 
buff, brown), fine soil (brown, gray, black, etc.), moisture, or 
organic growths (green, yellow, pink, etc.) (refer to Chapter II). 
h. Parallel scratches or grooves (86). 

2. Due to a structure which extends into the rock, but is viewed only in 
cross section, this structure being 

a, A parallel arrangement of constituents which are longer than they 
arc wide. If the rock is composed of constituents of different 
kinds and • - 

(1) All, or most of, the constituents have parallel orientation, the 
rock is probably a schist; less likely, a gneiss. Mica of horn- 
blende is usually abundant (Chapter IX). 

(2) Only one or two kinds of constituents arc distinctly orientated, 
(a) The constituents with parallel arrangement being larger 

and more conspicuous tl^an those not so arranged, tlui 
parallel constituents may be 

(oi) Flat concretions, with their flatness in the planes of 
the bedding of clay or mudstone, sand or sandstone. 
(6i) Flattish pebbles in an unmetamorphosed gravel or 
conglomerate (96). 

(ci) Flattened or somewhat spindle-shaped pebbles in a 
moderately sheared conglomerate. Such pebbles arc 
generally more or less coated with mica. 

Wi) Broken strips (iifclusions) of country rock inclosed 
in an igneous matrix, probably arranged in the direc- 
tion in which the matrix flowed when it was molten 
( 188 ). 

(ci) Phenocrysts in an igneous rock, probably arranged in 
the direction in which the matrix flowed when it v.^as 
molten ( 112 ). 

(/]} Flakes of clastic mica, usually muscovite in this case, 
in muds, sands, mudstones, or sandstones ( 97 ). 

(h) The constituents with parallel arrangement being smaller 
than those not so arranged, the parallel constituents 
probably belong to the matrix or groundmass of % schist 
containing metacrysts ( 224 ). 
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h. A single layer which may intersect other structures in the adjacent 
rock (wall rock) and may, or may not, trend parallel to some 
fracture system in the wall rock (refer to Art. 16 ). 

c. A layered structure in which the several layers differ in respect to 
the composition, or size, or some other character, of their constitu- 
ents. If 

(1) The handing is limited to a particular belt or strip of rock and 
(a) The handing is parallel to the edges of the strip, this band- 
ing niay be due to 

. (oi) Successive injections of igneous material along the 

same course. This feature, when seen, is most 
common in dikes and sills. 

(bj) Flow structure in a dike or a sill along the trend of its 
contact ( 127 ). 

(ci) Vein structure. For the distinction between veins 
and dikes refer to Art. 244 . 

(fe) The banding forms an acute angle with the edges of the 
belt or strip, the structure is probably cross-bedding 

( 84 ). 

(2) The banding is not limited to a particular belt or strip of 
rock. If 

(a) The handing is simple, in one set only, and 

(oi) The rock is fine-grained or has no grain, and 

( 02 ) Any visible constituents arc not conspicuously 
oriented in parallel position, the banding may be 
(as) Flow structure in lava (rhyolite, etc.) ( 112 ), 
especially if amygdales or phcnocrysts are 
scattered through the rock. However, 
some fine-grained lavas look exccscdingly 
like rocks of (bj), 

(bz) Lamination, or bedding, in mud, clay, fine 
sand, etc., and in rocks derived therefrom, 
provided large grains, if anywhere present, 
are grouped in layers parallel to the banding. 
Exceptionally, sand grains or pebbles may 
be seen scattered indiscriminately in lami- 
nated muds and shales ( 88 ). 

(cs) Lamination or coarser bedding in limestone 
and chemical precipitates for the redbgni- 
tion of which chemical tests are often 
necessary. 

(bz) Visible constituents, principally mica, have par- 
- - aUel orientation, ^he banding is proh^ily 

schistosity ( 384 ). 



10 


FIELD QEOIjOGY 


(hi) The rock is as coarse as a medium-grained sandstone, 
or coarser, so that the grains can be recognized, and 
(02) The banding, as a whole, is of fairly regular and 
continuous character along its trend, although 
some layers may be lenticular, this banding 
may be due to 

(rts) Flow structure in an igneous rock along 
the trend of its contact with its country 
rock (Cf. c, (1), (a), above). 

(hi) Stratification in transported sedimentary 
materials (63). 

(cs) Any parallel structure, answering to the 
description, in residual materials, such 
structure having been originally present in 
the rock from which these materials were 
derived. Look for the parent rock (18, 76). 
(di) Gneissic struej^ure (224), seen in both pri- 
mary and secondary gneisses. Secondary 
gneisses are generally associated with mica 
schists and often have schistose layers and 
other evidences of metamorphism. For the 
discrimination between primary and second- 
ary gneisses (see Art. 283). In gneissic 
structure there is always a certain degree of 
mineral parallelism. 

(et) Schistosity, this term always likewise im- 
plying parallel mineral arrangement (224). 
(62) The bands (sometimes mere streaks) are present 
in igneous, usually granite-like, rock- They are 
generally short, and grade, especially at their 
ends, into the surrounding rock. They are often 
darker than the surrounding rock. Such bands 
or streaks are probably schliers (112). 

(h) The banding is complex and is 

(ai) Due to differences of color or intensity of color, and 
is often definitely related to two or more intersecting 
sets of fractures (refer to Art. 17). 

(hi) Due to differences of texture in adjacent layers, and 
has no necessary relation to fractures, it is probably a 
variety of oroSs-bedding (84). 

16. Single Strips or Bands. — ^The exposure exhibits a strip 
or band which distinctly differs in character from the rock on 
^1^ aide. The band may be associated with others of the 
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same kind, but it is not one of a scries of more or less similar 
parallel bands which together form the entire surface of the 
exposure. If 

A. The band is purely superficial, it is probably a local stain (10). 

B. The band is the cross section of a structure which extends into the rock, 
and 

1. Consists of angular fragments of the rocks on both sides of it, it may 
be a fault breccia or a vein breccia (228). 

2.. Consists of silicate minerals such as are common in igneous rocks, or 
consists of rock glass, or of very dense, compact material showing no 
grain (felsite), it is probably 

a. A sill or a flow if it is essentially parallel to associated strata 

(116, 146). 

h, A dike if it crosses an igneous rock or the stratification of a sedi- 
mentary rock (116, 226). 

3. Consists of vein minemls, it is probably a vein (288, 244). 

17. Intersecting Banded Pattern. — The exposure is marked by 
intersecting bands which trend in various directions. If 

A. The bands arc merely the result of a color variation in the rock and arc 
always definitely associated with fractures in intersecting sets, they are 
probably an effect of weathering, the agents having worked inward from 
the fractures (81). 

B. The bands differ in texture or composition from the adjacent rock, and 

1. Consist of silicate minerals common in the igneous rocks, they are 
probably intersecting dikes. 

2. Consist of vein minerals (240), they are probably veins which were 
deposited in intersecting fractures. 

3. Consist of sandstone in shale, or of mudstone or calcareous mudstone 
in limestone, they may be the lithified fillings of old sun cracks viewed 
in plan ( 68 ). 

18. Massive Character. — The exposure has a massive appear- 
ance, its constituents being neither grouped in layera nor oriented 
in parallel position. If 

A. The rock is of very fine and uniform grain, ^ and is 

1. White, gray, or light-colored, rather soft or medium hard, and reacts 
for carbonates, it is probably a fine, massive limestone, marble, or 
dolomite. 

2. White or light-colored, highly siliceous, and very hard, it may be a 
^ne quartzite or a siliceous replacement of massive limestone. 

^ In all cases under A” further search may prove that the rock is a thick 
bed interstratified with other sedimentary rocks. 
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3. Gray or dark gray, brownish, buff, etc., generally has a clayey odor, 
and nmy be soft or hard, it may be a dust deposit (loess), a deposit of 
unlaminatcd clay, or the consolidated rocks derived from these 
materials (66). 

B. The rock is as coarse as a medium sandstone or coiirser, being of relatively 
uniform grain, and consisting very largely of 

1. Grains of calcitc or of dolomite, it is marble (224). 

2. Grains of quartz, it is quartzite (224). 

3. Grains of the silicate minerals which ordinarily constitute igneous 
rocks (Appendix III), it is an igneous rock or is the residual disii^tegra- 
tion product (often arkose) of an igneous rock (76). 

C. The rock as a whole is relatively coarse, consisting of large grains or 
fragments in a finer matrix, reference should be made to the key in Art. 
44. 

19. Inclosed Areas or Bodies. — The surface of the exposiiie 
exliibits conspicuous bodies or areas (generally cross sections of 
bodies) surrounded by a relatively fine matrix. If 

« 

A. The areas are purely superficial (10), they may be color stains (26-81), 
or exfoliation scars (88, 142), or erosion remnants such as are described 

in Art. 161. 

B. The areas are cross sections or faces of inclosed bodies which are 

1. Single crystals, in part or entire, they may be 

a. Phenocrysts in igneous rocks, especially if the matrix is massive 
and is composed of silicate minerals (112). If the matrix is 
banded, the phenocrysts are apt to have parallel orientation. 
h. Metacrysts in a metamorphic rock, especially if the matrix is 
marble (test for carbonates) or is schistose (224). If the matrix 
is banded or streaked and its constituents have parallel orienta< 
tion, the metacrysts are apt to have diverse orientation. 

2. Mineral aggregates, or are bodies clearly not single crystals, and if 
these bodies 

a. Have well-marked outlines and 

(1^ An angular form with sharp corners as if due to breaking, they 
arc probably fragments in some kind of breccia (refer to 

43, 223). 

(2) A more or less well rounded form, without sharp corners and 
without projecting knobs, and have 

(a) A radial or concentric arrangement of some or all of their 
constituents, as seen in cross sectipn, and 
(oi) Form the bulk of the rock, adjacent individuals being 
in contact, having a flattened oval shape, and usually 
measuring 1 to 2 or 3 ft. in length, the bodi^ may 
be “pillows*' in “pilloWlava" (lt2). 
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, (bi) Do not form the bulk of tho rock, adjacent individuals, 
seldom in contact with one another, beinfi; 

(02) Inclosed within a very fine dense or glassy matrix, 
the bodies may be sphcrulites or lithophysse 
in lava (refer to a good textbook of petrology). 
(62) Inclosed within a fine-graincHl matrix which may 
have flow structure, the bodies may be amyg- 
dales, espc<*ially if they are oval in cross section, 
are arranged with their lengths parallel ( 112 ) » 
and consist of vein minerals (240). 

(C2) Inclosed w'ithin a fragmental matrix usually 
consisting of angular pieces of lava and volcanic 
dust, as in volcanic agglomerate (228), are 
probably volcanic bombs (112). 

(^2) Inclosed within a massive matrix consisting 
of silicate minerals characteristic of igneous 
rc 9 eks, arc probably segregations or rounded 
inclusions (140). 

(h) A concentric fracture structure, most pronounced toward 
the periphery, but no concentric or radial arrangement of 
constituents, and are contained in a matrix of the same 
constituents, in an unconsolidated or consolidated state, 
the bodies are probably bow-lders of disintegration still in 
situ (50). 

(c) No radial or concentric structure, and arc 

(ai) Inclosed within a fine-grained matrix which may have 
flow structure, €?tc. (continue as in (a) (62) above). 
(61) Inclosed within a fragmental matrix, etc. (continue 
as in (a) (ca) above). 

(ci) Inclosed within a massive matrix, etc. (continue as in 
(a) (^2) above). 

(di) Inclosed within a matrix of sand or sandstone of uni- 
form texture, the bodies may be 
(02) Concretions if they are formed of similar sand 
or sandstone, more compactly cemented ( 68 ), or 
(bt) Clay galls if they consist of clay (if in sand), or 
shale (if in sandstone) (M). 

(si) Inclosed within a matrix of clay or argillite, the bodice 
may be clay concretions if they consist of similar clay 
or argillite, more compactly cemented ( 68 ). 

(fi) Inclosed within a matrix of sand grains and smaller 
. pebbles, as in an ordinary gravel, the bodies arc 
pebbles (60). 
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(8) A more or less well rounded form, often with projecting knobs 
or excrescences, they may be 

(а) Concretions (of clay, marcasite, flint, etc.) if they arc in a 
sedimentary matrix ( 68 ). 

(б) Corroded inclusions if they are in an igneous matrix (186). 
(4) An elongate oval, spindle-shaped, rodlike, or lenticular form, 

the bodies may be 

(a) Sheared pebbles in a schistose matrix, especially if they are 
clearly individual bodies (61). 

(b) lenses in a schistose or gneissic matrix, if they are merely 
lenticular areas (aggregates) which are relatively poor in 
mica, between wavy or winding layers relatively rich in 
mica ( 224 ). 

h. Have indistinct or blended outlines, gradational into the surround- 
ing matrix, and are 

(1) Irregular, often wavy streaks or patches in a distinctly igneous 

rock refer to Art. 16. ^ - 

(2) Irregular, often bent and twisted, sand or gravel layers in 
gravel or till, they may be “nests'* (96). 

(3) Roughly lenticular bands of sand or gravel (sandstone or con- 
glomerate) in distinctly sedimentary banded materials, the 
body is a lens (86). 

(4) Lenticular areas in schists, nifer to (4) above. 

20. Contact Lines; Mutual Relations of Contiguous Rock 
Masses. — An exposure has two (or more) parts which meet in 
a fairly well defined line (contact line) and differ from one another 
in color, texture, composition, structure, or surface marking. 
Neither occurs included or surrounded by the other. If 

A. The difference in character is superficial (10), and 

1. Is not related to any underlying difference within the rock, it may be 
due to the fact that 

a. The rock is stained in one place and is not stained, or is stained in a 
different way, in another place. 

b. The rock is wet in one place and dry in another. 

c. The rock has been affected in a <Ufferent manner in two places, 
possibly because it was partly protected from erosion for a time 
( 10 ). 

2, Is related to an underlying difference in the rock, it is probably due to 
the fact that the two kinds of rook are affected in different ways by 
the same eromve agents (see B, below). 

Jlf., "[piS difference in character is due to a difference in the undeiiyinfi rock, 
7 ^ ' 'had ^ 
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1. The contact line lies between two bands, both of which are parallel to 
the line, and 

a. The bands are sections of adjacent laminae or beds in unmetamor- 
phosed, or metamorphosed sediments (282) (refer to Art. 16), the 
line may be called a line of conformity ( 74 ). 

b. The bands consist of" igneous or of metamorphic rock, refer to 
Art. 16 for the banding. 

2. The contact line lies between two bands, or two banded series, which 
are not parallel both to one another and to the line, ^ and 

a. Both bands or banded series are sections of adjacent laminic or 
beds in sedimentary rocks, or in metamorphosed sediments, the 
line may be a line of local unconformity (81), or one of regional 
unconformity (76), or a fault line (176, 812). 

b. Both bands or banded series are not sedimentary, the line may be 
one of unconformity, or igneous contact, or a fault (812). 

3. The contact line has any other relations, not mentioned above, to 
banded or massive rocks, determine the nature and classification of 
the rocks and then refer to Art. 312. 


21. Gradational Changes in Rocks. — A rock exposure dis- 
plays a gradational change in the texture, composition, or struc- 
ture, of the materials of which it consists. If 

A. The change appears to be directly related to a contacit line, and 

1. Is present in a sedimentary rock or in a metamorphosed sediment 

(282), and if 

a. The contact line is a line of conformity or of unconformity (Art. 20), 
the variation is probably an effect of slow and uniform change of 
conditions during sedimentation when the rock was formed (81, 87). 

b. The contact line is an igneous contact (Art. 20), the variation is 
probably attributable to contact metamorphism which was 
induced as a result of the eruption (116, 181-*134). 

e. The contact line is a fault, the variation is a result either of heat 
or pressure involved in the faulting, or of metamorphism accom- 
plished by solutions or gases which travelled along the fault 
(184, 237). 

B. The change does not appear to be directly related to a contact line, it may 

be an effect of blended unconformity (76) or of blended igneous contact 

(116). 

22. Cracks or Fractures. — ^The rock exposure is traversed by 
one or more cracks. Examination of such a crack shows that 


^ Bo^ baiid^d series mey be parallel to one another and not to the Une. 


or one senes mi 
be parallel nUt 


the line apd a 


or the series may 



10 


FIELD GEOLOGY 


A. The broken ends of stnietures which trcmd across the cracjk have not hern 
separated, or have been only ver>' sli>;ht1y separated, alonj; the crack. If 

1. The crack is one of a set of closely and rather regularly spaced, parallel 
fractures, the crack is a cleavage crack and the set is called a cleavage 

(222, 224). 

2. The crack is single, or is one of a set of fractures not very closely 
spaced, the crack is a joint and the set is a joint set or joint system 

( 211 ). 

B. The broken ends of structures which trend across the crack have been 
separated by displacement along the crack. Such a crack is a fault 

(179, 189). 

23. Curvature of Bands or Streaks. — The rock exposure lias 
a banded appearance and the bands are curving. First determine 
the probable nature of the rock and the banded structure by 
reference to Art. 16. If ^ 

A. The rock is igneous, the curved form is probably a result of flow whim this 
rock was molten (112, 127). 

. B. The rock is sedimentary, and 

1. Has a finely banded (laminated) character, and the laminse arc in sots 
which 

a. Arc not parallel to the main bedding, and if the laminae in all sets 
are curved, those in each set having simple and nearly parallel 
curvature and being li uncated by the adjacent sets, the phonomc- 
non is probably a variety of cross-bedding (84). 

5. Are parallel to the main bedding, and if 

(1) The laminse in some or all sets are curved, those in each set 
having a wavy curvature in which the arches and troughs are 
of approximately equal size and shape, and the arches are never 
bent over the troughs, the phenomenon is probably ripple- 
mark (84, H). The span of the arches and troughs may be 
different in different sets, and any set may have its arches 
truncated by the overlying laminse, whether these be straight 
or curving. 

(2) The laminae in some sets are curved and in other sets are 
straight or are much less curved, those in the curved sets often 
being of more or less irregular form or of unequal size, with 
associated breaks in their continuity and with the arches 

* often bent well over the troughs, the phenomenon is probably a 

varitfty of folding such as is described in Art. 189. 

2. Is finely or coarsely bedded, and all the beds or lamiqm are ^ore or 
less similarly curving, sometimes hi a very complicated maimer, the 
ouives consisting of archlike and troughlike bends, the phenomenon 
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is probably a rosult of similar folding such as is described in Arts. 

167, 166. 

C, The rocik is inotamorphie, the curvature of ihr bands may bo 

1. An original feature (A and B. 1, above) not yet destroyed betiause the 
rock has not suffered much deformation. 

2. Folding such as that described in B, 2, above, but generally of a mon* 
complex nature. This is to be expecteil in the mica schistsf. 

24. Inclination of Banded Structure. — Tho exjjosun^ has a 
banded appearance and tlie bands arc inclined. First determine 
the probable nature of the rock and tluj banded structure by 
reference to Art. 16. If 

A. The rock is igneous, the inclined attitude (12) may have signilicaiice, as 
mentioned in Art. 146. 

B. The rock is sedimentary, being 

1. Mud, clay, argillite, shale, or slatcj, and has its bedding inclined more 
^ steeply than 3® or 4® to the horizontal, this rock has probably been 

tilted from its original position (Art. 73). Tf its bedding is inclintHl 
not over 3® or 4®, it may or may not have been tilted since its dei^osi- 
tion. 

2. Sand, sandstone, gravel, conglomerate, volcanic ash, or any other 
relatively coarse fragmental material, and has its bedding inclined 
more steeply than 35® to the horizontal, it has probably been tilUsl 
frpm its original position (73, 246). If it dips 35® or less, it may (»r 
may not have been tilted from it.s original position. 

C. The rock is metamorphic, the attitude of its banding is significant accord- 
ing as it was derived from an Igneous rock or from a sedimentary roc^k 
(refer to A and B, above). 

26. Sequence of Steps in Field Work. — In all field work, the 
outcrop to be examined, or the area to be examined, should 
first be rapidly looked over to form a rough, general idea of th(; 
nature of the problem and of the best mode of procedure. In 
regions where sedimentary rocks predominate, this preliminary 
reconnaissance should include an effort to outline the strati- 
graphic sequence (108). Then should follow a more careful, 
detailed examination of all evidence available for the solution of 
the problem. It is well to work from known to unknown, or 
from simple to complex, areas and to cross-check evidence 
wheiffever possible. F''" 

Arts. 326 and 326. 
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FEATURES SEEN ON THE SURFACES OF ROCKS 

Colors op Rocks 

26. Black, Gray, and Dark Brown. — In igneous rocks primary 
gray shades are generally due to an intermixture of light* and 
dark minerals. The more black grains (biotite, hornblende, 
augite, magnetite, etc.) there are, the darker gray is the rock. 
Gray sandstones also may owe variations in tone to variations 
in the content of black mineral particles, especially of magnetite. 
In shales, slates, and limestones, and sopie sandstones, grays are 
often caused by carbonaceous matter in the rock. 

Dark brown and black incrustations of secondary origin are 
seen on some outcrops in arid regions. They are called desert 
varnish. These coatings consist of iron and manganese oxides 
believed to have been deposited from evaporating moisture 
which has risen to the surface by capillary action. 

27. Yellow and Brown. — Yellow and brown are nearly. always 
secondary colors. They are caused by the rusting (oxidation 
and hydration) of such iron-containing minerals as biotite, 
hornblende, augite, garnet, pyrite, etc. Because iron-bearing 
minerals break down very readily, this sort of yellow staining 
may be found even in dry climates. Some bright yellows are 
due to the growth of minute organisms. 

28. Red and Pink. — Conglomerates, sandstones, and mud- 
stones are sometimes red because the pebbles or grains which 
compose them were derived from an older red rock. The color 
is primary with the sedimentary rock, although it may have l^een 
either primary or secondary in the original parent rock. In 
this way red feldspar may color a sedimentary rock. Some 
pinkish and purplish sands are tinted by garnet grains. 

The red color peculiar to some extensive sedimentary forma- 
tfens— notably parts of the Pmmian and Tiiassic — is d&e to 
the presence of finely disseminated hematite (Fe$Oi). The origin 

IS 
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of this substance here is still imperfectly understood. It seems 
to have been pretty definitely associated with conditions favoring 
oxidation and impeding or preventing reduction. It has been 
ascribed to oxidation caused by a low groundwater level in 
accumulating sediments and their consequent exposure to inter- 
stitial air. Others have suggested that the red color iriay have 
originated while the sediments were deeply buried. In any 
case ,an essential condition seems to have been the absence of 
decaying organic matter which, if contained in sediments, acts as 
a reducing agent. 

After rocks have been broken up by weathering in warm, 
humid climates, derived residual soils and clays may become red 
by superficial dehydration of ferric hydrates. Below the 
surface they remain ^^ellowish or brown. In some places 
bright pinks and reds, like certain yellow tints, are produced 
by organisms. 

29. Lighter Shades and White. — Through weathering original 
colors may be changed to lighter secondary shades of the same 
hue, or to white. This may be caused in at least five ways: 
(1) Feldspar grains in a rock may decompose to dull white 
powdery kaolin. (2) By the formation of minute solution cavities 
in more or less transparent soluble minerals, such as calcite, 
transparency is lost and the grains appear to be white. These 
two processes are characteristic of moist climates. (3) Organic 
coloring matter is sometimes ‘‘bleached'^ out of sedimentary 
rocks. (4) In dry climates, where the rainfall is slight, thin 
white incrustations of certain carbonates may be formed on 
the rock surfaces in the same way as the desert varnish, above 
described.^ (What effect would a heavy shower have upon these 
soluble incrustations?) (6) Another phenomenon to be seen 
in climates where disintegration prevails is the production of 
minute fractures within the mineral grains, due to the action of 
frost or of temperature changes. Whitening of this origin, like 

^Cidiche, a whitish limey deposit found in semiarid regions, may be 
exposed in local areas, but4t e formation probal^ takes place near the base 
of the upper soil layer. , It consists of soluble constituents leached from this 
upper soil and deposited below. See Bibliog., Price, W. Armstronq, 1933. 
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that mentioned in (2) above, is due to the reflection of light from 
innumerable minute surfaces. 

30. Green and Gray Spots. — Greenish or grayish spots or bands 
on red rocks may owe their presence to organic matter. Either 
the green has been produced by a reduction of the red iron oxide 
in proximity to the organic remains, or the rock has been red- 
dened by oxidation except surrounding this organic matter. 
The action may have been caused by hydrogen sulphide gases 
associated with such organic matter (see 31). 

31. Relations of Colors to Surfaces of Weakness.^ — A change 
of hue is sometimes associated with joints, faults, or even with 
igneous contacts, which are intersected by the outcrop surface. 
This is because such surfaces of weakness may afford access to 
decomposing solutions that bring about tdiscoloration. The rock 
may appear to be striped or perhaps marked with a 'pattern of 
irregularly crossing bands. Since agents of discoloration always 
work inward, the maximum change is found at the surface of 
attack. 

In a small joint block, a uniform inward gradation of color is 
not always seen. The water may enter from all sides, dissolve 
or decompose a little of the rook substance, carry it in, and then 
deposit it more or less concentric with the surface of the block. 
Such a joint fragment, if several times subjected to the same 
process, may display a number of concentric bands when it is 
split open. 

Red sedimentary materials, colored by ferric oxide, may be 
bleached adjacent to faults or fissures up which hydrogen sulphide 
gas has ascended.^ 

Surface Features Other Than Color 

32. Smoothness and Polish. — Smooth rock surfaces, and par- 
ticularly those which are distinctly polished, have probably 
been rubbed by some abrasive agent which was furnished with 

* Any fractures or contacts, and even the mutual contact surfaces of the 
giahiB, in rocks may be called surfaces of ^ceakness, 

* Btbliog., Moulton, Gail P., 1926. 
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finely divided scouring material, such as dust, rock flour, etc. 
Coarser particles scratch (36). Polish is generally limited to 
hard rocks, for it is not taken so well by softer varieties. Out- 
crops may be polished by wind carrying dust or ice crystals, by 
glacial ice, and by water currents or waves which are transporting 
sand or silt. 

Polish made by wind, waves, and streams, is rather dull, 
whereas glacier-made polish may be of such perfection that 
objects are clearly reflected in it. Eolian dust polish is to be 
expected in desert regions and in other places where the prevail- 
ing winds are dry. Ice-crystal polish is seen only at high alti- 
tudes and latitudes where projecting rocks, unprotected by a 
snow cover, are frequently subjected to snow storms accompanied 
by winds of high velocity. Glacial polish is found in districts 
formerly overridden by ice. Another method by which rocks 
maybe polished is by faulting, but here the smoothed surface 
cannot be seen unless the rocks on one side of the fault are gone. 
Fault-made polish is associated with slickensides (36, H). Pol- 
ished surfaces are not necessarily flat or broadly rounded. They 
may be hummocky, grooved, scratched, or pitted. 

33. Granularity. — Frost action, repeated temperature changes, 
and certain other processes of disintegration, cause the dis- 
lodgment of the grains of such coarse rocks as granite, diorite, 
gneiss, coarse marble, etc. The grains separate either in frag- 
ments along their mineral cleavages, or individually or in aggre- 
gates along their contacts with adjacent grains. Sometimes thin 
sheets or great slabs of rock may spall off by exfoliation (46). 
The effect of this loosening of mineral grains, singly or in groups, 
is to roughen the surface of the rock. So rough may the outcrops 
become in arid climates and at high altitudes that the sharp edges 
of the grains cut one's fingers. Such surfaces, if exposed to wind 
erosion, become more or less smoothed and polished. 

Granularity of surface may be produced under water when one 
of the rock constituents is peculiarly susceptible to hydration. 
Accompanying this chemical change there is usually an increase 
in volume which, when affecting hundreds of grains over a rock 
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Hurface^ brings about strains and stresses that finally cause the 
dislodgment of particles. This is an example of disintegration 
performed by decomposition. 

34* Great Irregularity — The original surfaces of some kinds of 
lava are exceedingly irregular (120). This character may be 
observed on recent flows and also on lava sheets which have been 
buried and subsequently reexposed. 

If a rock suffers disintegration, not by the removal of small 
grains or spalls, but by the detachment of joint blocks, thd out- 
crop acquires a secondary surface which is of great irregularity. 
Sometimes faults, cleavage planes, or other surfaces of weakness. 

Fig. 2. — Profile section of an outcrop which is undergoing erosion through the removal of 
joint blocks. There are two prominent joint sets inclined in opposite directions. 

function instead of joints. The process by which the blocks are 
detached is called natural quarrying. It includes the bergsehrund 
action of glaciers, the plucking of moving ice, the ordinary frost 
action of northern climates, and the maintenance of cliffs under- 
mined by rivers and waves (250). In the last case the blocks 
fair because their support has been eroded away by the under- 
mining, but their loosening is often assisted by frost action or by 
root growth. 

On some irregular secondary rock surfaces comers and edges 
are sharp (Fig. 2) whereas on others they are more or less rounded. 
Rounding may be the result of concentric weathering (50) or 
of some sort of abrasion. Evidently, if in a given region rock 
exposures continue highly irregular with all edges and corners 
sharp, the dislodgment of blocks must be more rapid than any 
rounding process. On ordinary surfaces of low inclination con- 
centric weathering or scouring, as the case may be, can generally 
keep pace with natural quarrying. It follows that sharp edges 
and comers are found typically on vertical or steeply inclined 
wrfaces. They are present on the roofs of erosion caves (2T2) 
and overhanging cliffs. They are more common in fine-grained 
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and homogeneous rocks, for disintegration is often too rapid in 
the coarser varieties. 

Rock exposures of the kind just described may subsequently 
undergo abrasion. If ice is the abrading agent, it is apt to destroy 
all traces of the original surface; but wind and water merely 
round off the corners and scour out the hollows. They* smooth 
over the ruggedness of the old exposure and produce a hum- 
mocky surface. The lee sides of roches moutonni^es may show 
this kind of rounding performed by the later current action 
of glacial waters. Rocky coasts which are not very steep display 
hummocky, wave- worn erosion surfaces (Fig. 3), for, since the 



Fia. 3. — Profile Bection of a rock surface worn by wave erosion. JSfote the defintbe 
relation between the jointe, inclined in the general direction ab, and the outline of the rock 
surface 

joint blocks are wedged out one at a time at long intervals, the 
waves are able to keep pace with the quarrying. 

It is easy to distinguish between those hummocky surfaces 
which originate by abrasion and those that originate by dis- 
integration. The former are more or less smooth, while the 
latter are granular and rough. 

86. Scratches, Grooves, and Ribs. — Under the head of pri- 
mary grooves and ribs may be mentioned the ropy structure 
of pahoehoe lava, and, in sedimentary rocks, ripple marks and 
riU marks (66, 67). 

Scratches are always made by abrasion. Some secondary 
grooves are the product of scouring and others are made by 
weathering. Scratches on the floor and nde of a groove, about 
paraUA to its trend, may be accepted as proof of its origin by 
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scour. Scratches and abrasion grooves may be produced by 
ice, wind, landslides, mud flows and rock glaciers, by faulting, 
and by human means. Other secondary grooves may be made 
by solution and by differential weathering. All abrasion fur- 
rows indicate by their trend the general direction in which the 
agent moved, but whether the motion was in one way, along 
the line, or in the other, must be demonstrated by other 
criteria. 

Below is a table to assist in the identification of scratches and 
grooves. The letters in parentheses refer to paragraphs in the 
succeeding context. 

Key for the Identification op Scratches and Grooves 

A. Scratches (always implying abrasion), 

1. If notably parallel, 

a. May be slickensidcs (H) if they are on a rock surface that can be 
traced into the bedrock and if displacement is visible where this 
surface passes into the bedrock. 

h. May be landslide scratches (D) if they are on a bare rock surface 
which is on a steep hill slope and is just above a mass of landslide 
d^ibris, or if they are on a rock surface) which is locally covereel )>y 
landslide dc^bris. 

2. If showing some deviation in trend and if 

o. Present on a rock surface which is locally coveretl by till or other 
unsorted rock debris, may be glacial striae (A), or scratches made by 
mud flow or rock glaciers (£). 

h. Present on a rock surface which is locally covered by wind-blown 
sand, may be furrows made by wind s<)our (C). 

B. Grooves with smoothed or polished surfaces and with evidences of 

abrasion, 

1. The marks of abrasion being in the form of definite scratches which 

a. Have the characters of glacial striae, are probably grooves made by 
true glacier, rock glacier, or mud flow (B, E; see also J). 

b. Have the character of slickensides, are probably grooves made by 
faulting (I). 

2. The marks of abrasion being short furrows and subordinate grooves, 

may be wind^made grooves (C), 

C. Grooves, usually with rough granular surfaces, and 

1. Not intimately related to the rock structure, may be solution grooves, 
, especiaUy if they are found on such soluble rocks as lime^iie (P). 
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2. Parallel to the roek structure, the grooves boinp; on the weaker layers 
and the ridges on the stronger layers, may be grooves of differential 
weathering (G). 

A. GUwial scratchcfi or driw (sing., stria) arc found on 

rock surfaces that have been smoothed by ice scour in regions 



— 

D 



Fio. 4. — Features produced on rock surfaces by glacial abrasion. The arrow points in 
the direction of ice motion. A, plan of a crescentic gouge, B, section of crescentic gouge, 
taken through a and b in Fig. A. ccJtd is the glaciated rock surface. A crack was formed 
along be, and then a chip broke off along ae, C, chatter marks associated with glacial striss. 
D, section of a pebble which has protected the rock matrix in its lee, a, and has caumnl the 
icc to gouge out this matrix on the thrust side, h The depression at b may occur as a groove 
on three sides of the pebble, trailing out in the direction of ice motion. E, crescentic frac- 
tures in plan, F, microscopic section of quartxite show'tng six crescentic features extending 
downward from the glaciated surface, ob, of the rock (enlarged 14 diameters). G, glacial 
striee. Such strise soiiictimes begin abruptly and taper out in the direction of ice motion. 

of past or present local or continental glaciation (Fig. 4, G). 
They may be present on horizontal, inclined, or vertical surfaces. 
On valley walls the stri® are commonly inclined about parallel 
to the^grade of the valley floor. Scratcluw with the same trend 
are said to belong to one set. When more titan one distinct 
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set marks an outcrop, the different sets arc generally the effects 
of the symmetrical retreat of a single ice lobe (Fig. 5). They 
are not likely to belong to different ice advances, because the 

earlier marks would almost surely 
Ad BA have been destroyed. 

B. Glacial grooves are in many 

respects similar to striae with which 
they are associated. They rai^ge in 
size from deep scratches to glacial 
valleys (270, G). They may be 
straight or sinuous, and they may be 
continuous for many feet. In cross 
section their profiles not infrequently 
show an angkvor shoulder on each side, 
s—changes in the direo- ^hich dividcs thc concavity of the 

turn of fltriflB due to change of gla- • 

piai motion in the retreat of an icc groovc from the convcxity or broadcr 
lobe from AjI to jBa. (After T. C. .. * • . i 

Chamberlin.) concavity of the adjoining rock sur- 

face (Fig. 6). 

C. Wmd’^nmde furrows are not common because their 

origin necessarily depends upon a very constant direction of 
wind motion. They have been described as occurring on the 
crater of Mt. Pel(5e, where heavy dust-laden steam clouds rolled 



Fiq. 0. — Profile section of a grooved glaciated rock surface, drawn transverse to the dirc^c- 

tion of ice motion. 

over the ground down the slopes of the csrater and scoured out 
furrows on the old lava.' Grooves of wind origin are short, and 
they soon narrow and die out to give place tp others beside them. 
UnUke most glacial grooves they round off into the adjacent 
ridges. 

» Bihliog., Hov«y, E, O. 
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D. The slide of a mass of rock debris, or of snow laden 

with soil and rocks, may scratch and scour a rock surface to 
some extent, but abrasion canm)t be very deep on account of 
the suddenness and shortness of the action. Landslides are 
confined to relatively steep slopes and the scars produced are 
purely local. Landslide scratches trend down the slope. In 
the same position, high on a valley side, glacial striae would 
b(‘ likely to trend nearly at right angles to the slope. If 
scratches are still preserved on a landslid(‘ scar, the fallen d<C‘bris 
below^ is probably still recognizable by its hiimnioidvy topography 
(277). 

E. Mud flows and rock glaci(*rs resembl(‘ landslides in 

that they consist of rock detritus, but tlu‘if motion is slower 
and may be continuous for many yc^ars. By the constant 
rubbipg of the moving mass, b(»dro(ik may be scored in great 
U-shaped grooves sometimes many f(‘et in d(‘pth and width. 
These grooves arc broadly sinuous and an^ marked by smaller 
parallel furrows and scrat(;hes. They arc' exceedingly lik(» 
glacial grooves and their discrimination may lx difficult. Care- 
ful search should be made for the materials-" mud flow, ro(^k 
glacier debris, or true moraine — which did the work. 

F. Solution grooves are more or less parallel furrows that 

sometimes develop on inclined and vertical surfaces of soluble 
and fairly homogeneous rocks like limestone and marble. They 
always trend down the slope, for they are made through slow 
corrosion by water as it trickles down over the surface. These 
furrows can be distinguished from abrasion grooves because they 
are often very uneven along their course, they arc not scratched 
or striated, and the confluences between them are generally 
narrow and sharp. 

G. in rocks having a parallel structure, for instance, 

strata and schists, adjacent layers may differ in their suscepti- 
bility to decomposition or to disintegration. The layers which 
are easily affected will be eroded away more rapidly than the 
others, so that the rock will become ribbed and furrow3<l (Fig. 
7). Since layers which are highly liable to decomposition may 
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be V4',ry resistant to disintegration, it follows that the rib-makers 
in a given rock in a dry, cool climate may be the furrow-makers 

in a climate that is moist and 



Fia. 7. — Section of a ribbed rock surface. The 


warm. Grooves of this class 
coincide with the outcrop- 
ping edges of the layers. 
Like the solution grooves in 
homogeneous rocks, .they 
are uneven along their length 
and they lack scratches. 


ribs (horiaontally ruled) are of calcareous shale 
which is here more resistant to erosir)n than the 
intervening layers of limestone. 


Their width is dependent 
upon the thickness of the 


layers. 


H. SlickensideSf the scratches ahd grooves produced bj'' 

faulting (188), are sometimes exposed on the earth's surface 


when one of the fault blocks has been 
removed by erosion. The fault surface 
on which they occur may have any 
position and on this surface the slicken- 
sides may lie in any direction. No 
rule can be laid down for their attitude. 
Slickensides on a given surface may be 
straight or they may curve, but they 
are always notably parallel. They may 
be interrupted at irregular intervals by 
Bteplike breaks (Fig. 8), with the drop 
always on the same side when well 
preserved. Fault surfaces are often 
polished. 

In regions of glaciation slickensides 
may be confused with strise. If followed 



Pig. S- — Part of a fault Burfacet 
Bbowing vertical BliokeiiBideB. The 
Btepliko breaks aoroBB the Blicken- 
Bided Burfaoc here indicate that the 
block in the figure moved up ab 
with reference to the block w'faich 
has been removed cd. if the rel- 
ative motion li»d been in the 


along their course they will usually be opp****® direction, thmo .tepiuce 

, , ^ , , , breaks would have been rubbed 

found to pass mto the rock where the off. 


eroded fault block has not yet been 


entirely removed. Strise, if of Pleistocene or later age, are 
mirely superficial on the bedrock. A possibility which must not 
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be overlooked is that of an ancient glaciated surface which has 
been long concealed under solid rock and has been recently 
uncovered in part (10). 

By the powerful grinding action of faulting parallel 

grooves and ribs of considerable size may be chiselled out on 
the opposing rock faces of the fault. ^ When exposed by erosion 
these grooves must be distinguished from those of superficial 
origin. They are more regular than any other type of furrow. 
They are themselves lined with scratches, all parallel. . In cross 
section their profiles usually display no shoulders. They trend 
nearly straight or in broad curves, and are not markedly ser- 
pentine. They arc not limited to valley floors nor to any other 
topographic form. Along their length they may rise and sink, 
but this they do as a group. Individual variations are slight. 
Exposed fault grooves ot large size are s(Jdom seen, and where 
they 'do occur they are restricted to outcrops whose surfaces 
happen to coincide with the fault surface. 

^J. Along cart paths and highways, scratches and ruts worn 

in low protruding rocks by the wheels of passing vehicles are 
sometimes mistaken for marks of glaciation. If there is doubt, 
comparison should be made with ledges beyond the reach of 
wagons, where the real striae will be discovered if they are present. 

36. Pits and Hollows. — Pits and hollows of primary origin 
include large and small depressions on the surfaces of lava flows, 
and certain fossil impressions, such as footprints, made on muds 
and sands while these materials were still unconsolidated. Care 
should be taken not to confuse with fossil impressions any of 
the indentations described below. 

Secondary pits and hollows in rocks may be the result of 
abrasion or of weathering. The more common varieties are 
classified below. 

Key pob the Identification of Pits and Hollows on Hock Surfaces 

A. Depressions definitely related to grains, pebbles, fossils, inclusions, or 
other bodies contained in the rock, are probably due to differential ero- 
sion. If these depressions 
A BilSliog., Gregory, H. E. 
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1. Have rounded edges and smooth surfaces, and arc present on smooth 
rock surfa(!es, they may he abrjision pits produced, for t\u) most part, 
by wind or water (A). 

2. Have sharp edges and usually rough surfaces, and are present on 
rocks with rough surfaces, they may be weather pits due to the 
solution and removal of grains, pebbles, etc. (F, I). 

B. Depressions not definitel}'” rela.t(id to grains, pebbles, etc., 

1. If pniserit on abraded rock surfaces, may be (diatter marks, cres(;entic 
gouges (B, C), pits associated with hard obstructions (Fig. 4, D), 
potholes (D), or cupholes (E). 

2. If present on corroded rock surfaces, of limestone, gypsum, rock salt, 
etc., may be solution pits (G). 

3. When present on weathered or abraded rock surfaces, nia>' be pits 
due to honeycomb weathering (H) or pits formed by organisms (I, J). 

^A. Finely pitted surfaces are characteristic of wind erosion 

on granular rocks that are composed. of minerals of different 
hardness. When dust or sand is blown against such a rock, the 
soft grains are worn aw'ay faster than the hard ones. At the 
same time all the edges and corners of the projecting hard grains 
are rounded. Thus, the surface of the rock becomes smooth to 
the touch, although closely indented with small rounded pits 
the dimensions of which depend upon the size of the eroded 
gl’ains. 

^B. Chatter marks and crescentic gouges^ are indentations 

produced by glacial abrasion. Chatter marks are small dents 
that are found in rows of two or more, sometimes accompanying 
and running parallel to glacial scratches and grooves. They are 
produced by a rhythmic vibratory motion due to friction between 
the bedrock and rock fragments held in the overriding ice. In 
their origin they resemble the rows of dots made by drawing on 
a blackboard with a piece of chalk held nearly perpendicular 
to the board. Chatter marks are often distinctly convex on* 
one side, and the convexity is turned in the directioii from which 
the ice moved (Fig. 4, C). 

C. Crescentic gouges (Fig. 4, A, B), occasionally met 

with on the upstream^' or stoss slope of glaciated rocky knobs, 
measure from a few inches to 5 or 6 ft. from horn to horn and lie 
/ ^ Bibliog., Cbambsbun, T. C., 1888, and Oilbbrt, G. K., 1906.® 
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with their length perpendicular to the adjacent stria\ Like 
chatter marks they arc found in sets of two to half a <lozen or 
more. Their convex edges usually point in the direction in which 
the ice moved. 

D. Of much larger size than th(; depressions already 

noted are poiholea. A pothole is formed by th(‘ constant swirl 
of an eddy which carries pebbles or sand round and round in 
one spot. Gradually a hole is bored dowuwartl into the rock. 
The sand and pebbles that served as the tools may often b(^ found 
at the bottom of the depression. Whether the vortex be one in 
a current of wind or water or ice, the action is the same, although 
the rate of abrasion may vary. Potholes are most commonly of 
fiuviatile origin. Occasionally they may be observed along rocky 
coasts and in glaciated valleys where the t-opographic c onfigura 
tion localized eddies; but many of the depressions of t his nature in 
glacial valleys are made by water plunging t hrough holes ir» the 
ice. These are called or mills. Here the con- 

centration of action is due, not necessarily to a constant vortex, 
but to the maintenance of an opening in stationary ice for a time 
sufficiently long. Since true pothoh^s open upward, the analo- 
gous excavations cut by wind rarely come und('r the definition, foi^ 
wind eddies may work in any direction. Yet the process by 
which the holes are carved is identical. 

On a small scale abrasion, combined with solution, 

may wear cup-shaped hollows, called cupholes, on the sux'faces 
of rocks like limestone (Fig. 9, A). In a certain sense they are 
miniature potholes. 

F. Decomposition and solution play an important r61e 

in modifying rock surfaces. Their action is generally differential. 
Soluble substances may be leached out from rocks which as a 
whole do not readily decompose and cavities may then remain, 
which indicate by their shape the nature of the material removed. 
Thus, from rocks that contain cubical holes, pyrite may have been 
carried away. Sometimes fossils are dissolved out and theii 
impressions are left as small cavities on the surface of the rock. 
Similatiy, limestone pebbles in conglomei*ate may be dissolved 
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out from a shaly or sandy matrix. In moist climates basic sogre- 
gatinns (112) are ii\)l to decompose more rapidly than the granitic 
rocks in which they are contained. The hollows formed by their 
weathering have granular surfaces. In cases of this kind there 
are usually some depressions which still have a little of the original 
substance left in them. These shotild be sought in order to 
explain their formation. 

G. A very characteristic feature of corrosion surfaces on 

soluble rocks is the presence of abundant sa\icer-shaped* pits, 
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yi,,. t» — Profile action through the surfare of a limestone exposure, showing two varieties 
of solution pit (about H natural sise). 


and this does not of necessity indicate any differential tendency in 
the chemical wear. Limestones and marbles may be very uni- 
form and yet display this effect, generally on surfaces of low 
inclination. Where the slope is greater the pits may coalesce and 
become grooves (35, F). Between the hollows are sharp-edged 
divides (Fig. 9, B). If the divides are rounded, the corroding 
water probably carried some silt which did a little abrasion, 

H. On fine granular rocks such as sandy shale and sand- 
stone, decomposition sometimes produces what is known mfret- 
work or honeycomb vmthering (Fig. 10). At different spots on the 
exposure small pits arise through the decomposition of mineral 
|;rains. As these cavities grow deeper and larger and Xis they 
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become mor6 numerous, they unite at the surface while Ihey are 
still separate below. In the less resistant laminae enlargement 
takes place more quickly than in those more resistant. 

Fretwork weathering is characteristic of the surfaces of granular 
rocks, such as tuffs, granitoid rocks, sandstones, and conglomer- 
ates, where these are exposed in arid climates. Vnder these 
conditions, occasional action of hydration and solution, probably 
occurring for the most part immediately following infrequent 
showers, is concentrated more and more in the pits or “niches” 



10: — Section of a Bpcciincn of nandstone exhibiting fn^twork weatheriiiK- a, divide 
between two depresnionn; b, a 8imilar divide, nearly worn away; r, opening into a deprcH- 
sion behind the plane of the akotch. The bedding in horizontal. Why in there a projecting 
rim bordering each cavity? 

as these develop. The resulting debris may be removed by wind, 
rain, wet-weather rills, organisms, etc. Such pits may grow to 
the size of caverns several yards in all three dimensions. * 

1. Corrosion of rock surfaces is not restricted to sub- 
aerial outcrops. It has been recorded as occurring below water 
level in lakes. Or, again, it may go on beneath the soil where 
moisture rich in products derived from vegetable decay may 
etch a pitted or corrugated surface. Subsequently the soil may 
be removed by natural or artificial means and so expose the 
rock. 

Corrosion pits are generally a fraction of an inch to a few inches 
across. Their interiors are often roughened by projecting 
insoluble grains. 

J. Certain molluscs dissolve out cavities in which they 

dwell. The holes grow larger with the growth of the animal. 
Their organic origin may be indicated by the presence of the 
animals themselves, or of the shells, in some of the chambers. 


^ Blackwblder, E., 1029. 
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ROCK PARTICLES AND FRAGMENTS 

General Nature 

37. Shape and Surface Markings. — Rocks may be broken 
into fragments either by forces acting within the lithosphere or 
by processes at the earth^s surface. Sometimes the fragments, 
as mere products of shattering, suffer no wear, and sometimes 
they are rubbed or ground or pounded .until their original shape 
is modified. According to their mode of origin, they have 
distinctive characters of form, surface, or compositioA. For 
example, many glaciated pebbles are striated, just as is the 
glaciated bedrock. They served as the tools by which the ice 
scratched the rock, and the tools themselves suffered abrasion in 
the process. It follows that if we examine the constituents of 
a fragmental deposit or of a consolidated fragmental rock, we 
may be able to discover how that material was made, for very 
often the deposit or rock originated under the control of the 
same agents which were concerned in fashioning the individual 
constituents. In studying solid rocks there is need to discrimi- 
nate between destructioual fragments of the kind just men- 
tioned and certain other bodies which arc of quite a different 
nature (48, C; 62). 

38. Dimensions of Particles and Fragments.^ — The distinction 
between sand and gravel has arbitrary limits. In this book the 
term ''sand” will be used for deposits in which the individual 
grains are not greater than 2.6 mm. nor less than 0.06 mm. in 
diameter.^ When the particles are between 2.5 and 0.75 mm. 
the sand is coarse; when between 0.10 and 0.06 mm., it is fine 

» Refer to Appendix IV. 

* Bibliog., Hatch, F; H., and Rastall, R. H., p. 39. 
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Grains smaller than 0.05 mm. belong to such materials as mud, 
silt, clay, and loess. Their characters will not be described here 
since they cannot be seen with a hand lens. Particles larger 
than 2.5 mm. in diameter are of gravel texture and wilt be dis- 
cussed below under the term of roc k fragments. Pebbles arc rock 
fragments of small or moderate size which have b<^en more or 
less rounded and which acquired this form by erosional processes. 
Bowlders are masses larger than pebbles, but of similar shape and 
origin. 


Charactkus of Rock Pakticles 

39. Composition. — Residual sands formed by disintegration 
are comfJbsed, for the most part, of the minerals present in the 
parent rock, for they have been subjected neither to attrition nor 
to decomposition on a large scale. On the other hand, sands 
that have been transported for a long time consist of minerals 
that are relatively resistant cither chemically or physically or 
both. (Why?) Quartz is the moat common ingredient of such 
sands, and in regions where micaceous rocks abound, muscovite 
and bleached biotite may be in considerable quantity. Garnet, 
magnetite, zircon, and rutile are also counted among the more 
indestructible minerals, but the last two are seldom abundant 
If transportation has been comparatively short and rapid, the 
sand may contain mineral particles which would have been quite 
broken up under longer handling. 

The composition of sand suggests not only the amount of 
transportation, but also the climate in the region where the 
erosion was in progress. A deposit which is rich in decomposable 
mineral grains is indicative of a very dry climate, and one that 
is strikingly lacking in such minerals points to decomposition 
as having been a very efficient erosional process. A high per- 
centage of quartz indicates that the sand is a product of slow 
erosion in a warm, moist climate, where the more decomposable 
minerals had ample time to decay and pass away in solution. 
Feldspg,r is a decomposable mineral, yet itis not at all uncommon 
in sands of continental origin, even in moist climates. It is 



36 


FIELD GEOLOGY 


fairly resistant to chemical destruction, although less so than 
quartz. Consequently, its presence is not to be accepted as 
unquestionable proof of an arid climate. On the contrary, horn- 
blende, augite, and particularly biotite, all iron-bearing silicates 
which are extremely liable to decay, are good evidence for aridity, 
or of erosion by ice. 

The nature of the parent rock is likewise indicated by the 
composition of the derived sand. In this respect sands^ that 
have been subjected to little transportation are most valuable. 
Garnet and magnetite often come from gneisses and schists; 
quartz and feldspar from gneisses, granites, etc. ; and micas from 
schists and certain igneous rocks. 

The jsignificance of clastic mica in muds and mudstones 
may well be mentioned here. Such mioa-is typical of continental 
sediments (106). When found in pelites that seem to be of 
marine origin, it usually means that they wc/e accumulated near 
the shore. 

40. Shape. ^ — Most mineral particles owe their form partly 
to their manner of breaking and partly to the kind of erosion 
which has affected them. The grains may be angular, faceted, 
subangular, or pitted. Their shape is seldom, in itself, a decisive 
criterion for the origin of the deposit in which they are found, 
but it is of considerable assistance. One must be careful not 
to draw conclusions from too brief an examination. Few 
fragmental deposits consist of grains derived in only one way. 
Wind-worn particles may be intermingled with those handled 
by water; and so on. It is the prevailing character of the 
majority of the particles that must be ascertained. 

The key which is given below includes the more common 
varieties of broken or worn rock particles. 

Key foh the Identipicatiow op Hock. Particles 
A. Grains sharply angular, 

1. Consisting of volcanic glass or other volcanic material are probably 
volcanic sands (41, B). 


^ Bibliog., Sherzer, "W. H. 
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2. ( 'Oiisistiiif; of iho iiiiTUM-nl ronNtitiuMits of forks (\sj)rriully snsrrjilihlr 
to disintc^raiion (usunlly rtwks of rrljitiv<‘ ro.'irsr irxhirr) nn* prol)- 
ably disintegration sjinds (41, A). 

3. Present in a layer of limited tlurkm^ss and <*onsisting of fragments of 
the rooks on both sides of the layer, may b(‘ bn^eeia particles (41, D). 

li. (drains with one or more worn or broken faia*ts which are marked olT 
from th(^ surrounding surface by sharp edges, 

1. Ocuierally associated with glaciated j)ebbl(‘s, in till, etc., are probably 
glacial faceted sand grains (41, C). 

2. ^Associated with rounded eolian sands, an' ])robably brokcui or chipped 
wind-blown grains. 

C. iSiibangular grains, with (*dges and corners somewhat rounded may be 

acpieoglacial sands (42; or sands of the next class (J>i, not fully roumh'd. 
J). Rounded grains which, if broken, show 

1 C'oncentric structure on the fracture surface' are probably construc- 
tional sands (43, C). 

2. No concentric structures on the fracture surfaia', and are 

rt. Above 0.75 mm. in diameter, may be eolian, niariiK*, and fluviatih' 
sands (43, A). 

b. Below 0.75 mm. in diameter, are probably eolian sands (43, A). 

41. Angular Particles. — A. Residual disintegration sands have 
sharp edges and corners (Fig. 11, A) Injcausc they have Ixien 
detached from the bedrock along their contact surfaces with 
other grains and have suffered no corrosion and no rolling by 
wind or water. If they break up still further, minerals without 
cleavage, like quartz, crumble into highly irregular fragment s, the 
micas separate into thin flakes, and most other minerals with cleav- 
ages fall into small irregular blocks faced by the cleavage planes. 

^B. Volcanic sands (Fig. 11, B) are angular because 

they are largely the product of explosive shattering. They 
consist of chips and slivers of rock glass with here and there 
phenocrysts, broken or entire, and occasional pellets of glass 
rounded in the air by mutual attrition or by twirling, if thrown 
up as liquid drops. 

C. Ice-worn sand grains (Fig. 11, C) have faces which 

have been ground by glacial abrasion. 

D. Solid rocks are sometimes found to have be^ crushed 

by movements within the earth (223). The f.ncr particles, 
so ma(&, are angular or subangular. 
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E. On tJie whole, angularity of grain sigiiifiGS disruption 

in place or disruption followed by brief and rapid trans- 
portation. The glaciated particles noted in C, above, are an 
exception. 

42. Subangular Particles. — If subjected to corrosion or 
to attrition for a sufficiently long time, angular grains may 
become subangular. Their edges become blunted. Aqueo- 

glacial sands (Fig. 1 1 , D) , are commonly 
U ^ of this nature, for whatever angularity 

^ Q 0 0 O acquired through frac- 

^ ^ through glacial abrasion has 

^ 0 ^ been modified by subsequent wear in 

C running water. The larger grains may 
still show traces, of the facets planed off 


O ^<7 

^ 0 ^ glacial scour. 

® Rounded Particles. — A. Long 

Q ^ handling by wind or running water pro- 

4 duces rounded grains. This shape is 

C O ^ typical of eolian sands (Fig. 11, E). 

^ o In river and beach sands, too, the grains 
^ are usually pretty well rounded Fig. 11, 
O Cf Q F). Particles having a diameter less 
^ than a certain quantity are apt to 

cscapc Founding because they are held 
“ suspension as long as they are swept 
(E), river Hand (F), and oolitic by a cuiTent. The size below wliich the 

grains remain angular is about 0.75 mm. 
in running water and about one-fifth this amount in wind. 
The difference is due to the greater buoyancy of water. ^ Under 
special conditions marine sands may continue angular or sub- 
angular for a long while, even though they are larger than the 
size just noted. After the fall of the tide, they may be kept 
moist by capillary action between the grains. The moisture 
serves not only as a cushion to prevent the rubbing of 
the particles on one another, but also as a check to their 
^ Bibliog., GRABAtr, A., pp. 61, 226; and Ziegler, V., p. 654. * 
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transport and handling by wind. However, wind along low 
open shores soon rounds the dry grains in the upper layer of the 
beach, and consequently wind- worn grains are often scattered 
through beach deposits. Typical eolian sands occur only in 
desert regions. They may contain some- particles which were 
broken or chipped by impact. As a general rule, sands that ar(^ 
well rounded and average considerably less tlian 0.75 mm. in 
(liamqter are probably of eolian origin. 

The student will probably have very little occasion 

to distinguish corroded sand grains from those mechanically 
rounded, since most sands are of mechanical origin. A difference 
may be mentioned here. Chemical agents tend to excavate 
small pits on the surface of a grain and the luster of the pits is 
like that of the whole grain. If there are indentations on abraded 
particles, these are the remains of the original unc^ven fracture^ 
or of subsequent hard blows, and they are present merely because 
the particle has not been worn down enough to erase them. 
Rolling and repeated slight impact cooperate to fashion an evenly 
rounded surface, convex on all circumferences. The multitude 
of minute scars resulting from this sort of abrasion somewhat 
dull the luster of the particle, so that, in this case, the luster of 
remaining indentations is different from that of the grain as a 
whole. These features need a hand lens for their examination. 

C. Rounded sands of constructional origin (Kig. 11, G) 

compose oolites, pisolites, and some greensands. Cross sections 
of these grains show, them to have a concentric structure. Fur- 
ther description of their characters may beiound in textbooks on 
petrology. 

Characters of Larger Rock Fragments, Pebbles, Etc. 

44. Identification. — In Art. 19, pebbles and other detached 
rock bodies are listed principally according to their characters 
when seen in cross section. The following key is based almost 
wholly upon such features as roughness, smoothness, scratches, 
dents, etc., which may be observed on the surfaces of the pebbles 
or bodies. Reference is also made to form. 
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Key for the Ide^jtificatiov of Rock Fragments^ 

A. Angular fragments, Imnrulod by frat*tur<‘ surfaces, may result from 
various proresscs of weathering or of breceiation. References arc given 
in the context (46). 

U. Facfd-ed pebbles which luive 

1. The fiieets smoothed or polished, and sometimes pitted, may b<‘ wind- 
worn (48). 

2, Th(‘ facets scratched or grooved, may Ixdong to classes noted und(ir C 

below. , 

(^ Scratched and grooved pebbles, if 

1. Of various shapes (round, faceted, blunted, etc.), and with the 
scratches running in various directions, may be glacial piibbles (46). 

2. Of various shapcis, and with om* or more facets, each facet b(;ing local, 
usually separated from the adjacent surface by sharp edg(*s, and 
marked by parallel scratches (running in but one direction), are prob- 
ably slickensided fragments or pebb]es#(46). 

3. Elongate (sometimes spindh'-shaped) or flat and sometimes bent, 
with the scratches or grooves running parallel to the length* of the 
peblilc, may be compressed (sheared) pebbles (61), especially if 
they are more or less coated with mica. 

I). Pitted or denteil pebbles or fragments, if they have 

1. The indentations definitely related to mineral grains, may be wind- 
worn pebbles (48). 

2. The indentations not rebited to thc^ mim^al constituents, 

o. These indentations usually being isolated and saucer-shaped, and 
gciuerally 

(1) Un.accornpanied by fractures, may be pebbles of a soluble rock, 
like limestone, the indentations having been formed by solution 
(47). 

(2) Accompanied by radiating fractures, may be pebbles of any 
sort of rock with compression dents (47). 

h. These indentations usually being in groups converging at the 
blunted end of the pebble, are probably glaciated pebbles (46). 

E. Subangular pebbles are usually fragments which iiave not yet been fully 
rounded (see also B) ( 49 ). 

\ Rounded pebbles and bowlders, if with 

1. Smooth surfaces, may be river or beach ixibbles (60). 

2. Rough surfaces, may be pebbles or bowlders of disintegration (60). 

46. Angular Fragments.- —At the earth’s uui'f ace angular rock 
“agments may result from exfoliation, plucking, sapping, frost 

^ The reader's attention is called to Art. 52. 
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fu^tioii, (lisnuption by landslide and lightning, and by volcanic 
(explosion. \Vh<'n massive ro(^ks weatlun* by exfoliation, rela- 
tively thin, curved, edg(*d pieces split- off. Th(\s(» are called .spalls 
(Fig. 12). Fragments separated from the bedrock by plucking, 
sapping, or any of the other processes of disintegration, ar(‘ 
l)ounded by surfaces of weakness (31). They are th(» n('gativ(‘R, 
as it w(^re, of th(' outci'op surfaces produced in the sanu^ maniUM* 
(34). Such fragments are gen(*rally found at the bases of cliffs 
wherq they have accumulated 
as slide ro(;k in a heap or sho(‘t 
called talu8. 

Landslide detritus is angu- I 

lar if the materials were 

solid bedrock bc^fore the slip. 

Both landslide debris •and 

talus consist of fragments of 

all sizes and in both some 

Tm. llJ — Formation of a bowlder of exfolia- 
of the fragments may ha\e onKinal Hurfarc* of tho rock 

bruises or random scratches "fy oxtreiuo left I'ln* rough 

edg* ar<‘ tho Hears of flakcH t»r Hpalln which have 
made in the downfall. The split oIT. two such Rpall» (near the tipper part 

1 , .1 , of the figure) are nearly detached. 

difference between the two 

kinds of deposit is mainly topographic (279). 

Shattering of rocks by lightning has b(;en recorded, but is very 
rarely seen or recognized. In mountainous districts where the 
work of lightning would be most effective*,, frost and temperature 
changes are by far the? most ac^tive forces of rock destruction. 

Other kinds of angular fragments are describ<*,d (jlsewhere, as 
follows: blocks made by volcanic outburst (112, 223); intrafor- 
mational fragments (94); various kinds of breccia (223). 

46. Scratched, Faceted Pebbles. — Scratched, faceted pebbles 
are nearly always the result of glacial abrasion. They have 
been planed off by rubbing against bedrock while held in moving 
ice. Such pebbles may shift their position in the ice from time 
to time and thus receive several facets or “soles.'' Each facet 


is marked by striae which run in various directions (Figs. 13, 14). 
In this respect they differ from detached piefjes of the striat(!id 
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bedrock, whicli arc more apt to have a large majority of the 
scratches on only one face and, on this face, trending in one 



Fici. 13. — A glacially striated pebble found 
by .1 B Woodworth in Pleistocene till in 
Gasp^S Quebec. Note the diversity in direc- 
tion of the scratches. 



Fig. 14. — Striated pebble with splin- 
tered or snul)b(‘d end. (C^oll , J. li. 
Woodw'orih ) 



Pio. 15. — Detached fragment of the striated rock floor over which glacial icc moved. 
Note the parallel arrangement of the striis. The figure shows chatter marks in the deepest 
sonatoh. (Coll., J. H. Woodworth.) 

direction (Fig. 15). Sometimes a pebble which was held in 
one position for too short a time to become faceted may be round 
and yet bear strisB. 
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Occasionally care may be necessary to discriminate between 
slickensided fragments and glaciated pebbles, especially in 
deformed rocks having relatively few pebbles in an abundant 
fine-grained matrix. Where surfaces of internal rock slipping 
have grazed a pebble, the slickensidcs probably continue across 
the pebble into the matrix. Such slickensides, like the-stri® on 
cl(jtached fragments of a glaciated rock pavement, lie parallel 
to one finothcr.^ In fault breccias the fragments may be 
slickensided U88). 

47. Pebbles with Scars or Indentations. — A. Pebbles with 
concave fracture scars arc as typical of ice abrasion as arc striated 


Fio 10 — T.iiTK'Htoiie pebblea indented by Bolution while they were under conipronMoii in a 
congluuicratr. The pits mark the spots where adjacent pebbles were in contact 

pebbles. They are angular or subangular and may or may not 
have glacial scratches. The scars are thought to have been 
made by splintering or wedging of small chips from the pebble 
while it was pressed with great force by the ice against bedrock, 
or was jammed between two blocks of rock (Fig. 14). These 
scars should not be mistaken for the concave indentations next 
described. 

Circular or oval concave hollows may be produced, 

both by solution and by simple pressure unassisted by chemical 
processes, on the surfaces of the pebbles in a conglomerate. 
A solution hollow is formed where, in the compression of the 
rock, a small pebble is squeezed against a larger pebble. At 
their mutual contact the larger one is dissolved away and the 
smaller one is pressed into the hollow. Solution indentations 

* fo» further criteria «ee Bibliog., Woodworth, J. B., 1912 (a), p. 4/57; 
and Wentworth, Chester K!, 1928. 
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are confined for the most part to pebbles of soluble rocks like 
limestone (Fip;. 16). 

C. ("onoave hollows made by compression without solu- 
tion are rare. They need special conditions for their origin. The 
paste of the conglomerate must be relatively weak and compres- 
sibl(% yet it must be strong enough to prevent complete fractur- 
ing of the pebbles when the rock is subjected to stress. As in the 
previous case, the small pebbles indent the larger ones. If the 



Fio. 17. — Wind- worn pobblos. That on the right is an rinkantor; that on thv loft is a 

dreikantor. 


pressure exceeds a certain quantity, variable under different 
conditions, the impressed pebbles crack. 

Both types of indentation (B and C) interrupt the continuity 
of the original surface of the pebble, and in both the depth of 
the hollow is not more than a fraction of the diameter of the 
smaller pebble. 

48. Polished, Faceted Pebbles. — Polished, faceted pebbles are 
made by wind action. They are called glyptoliths (yXujrrds, 
carved; \l6os, stone) or veMifacts {verity s, wind; f (were j make). A 
pebble too large to be transported is worn by the impact of blown 
sand and dust. The side toward the prevailing wind direction 
is planed off and more or less polished, and if the pebble is granu- 
lar, its surface is pitted. (Why?) Often there are two of three 
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(lirrclions from whicli llio vvifid Idows most of llu* time, .so thni 
the exposed surface' of iIk' pel)})le aeepiire's two or throe faee'ts 
which meet in rather sharp, smooth(*d ('dp:<'s; or, .several face's may 
be worn because the pe'bble falls into a lunv position whoru'ver the 
.sand has been blow'n out from beneath it. If tlu*re is one such 
edge between two distinct faces, the p(*bble is called an einkanter 
(one-edge); if there are thnu3 edge's and thre*e facets, it is calk'd a 
(Ireikanter (threni-edge) ; and so em (Fig. 17). 

49* Subangular Pebbles. — Subangular pebbles and bowlders 
are tho.se which have had their edges and corners some'what 



rounded, but which have not yet lost all traces of their original 
angular character. Glacial faceted pebbles, modified by running 
water, are typical of eskers and kames (277) and df other aqueo- 
glacial deposits. Talus blocks may lose their angularity through 
the influejice of weathering. Landslide fragments and the 
fragments in fault breccias sometimes have their edges blunted 
by rubbing during the movement. • 

60. Rounded Pebbles and Bowlders. — Rounded pebbles and 
bowlders are shaped by rolling or by concentric weathering. 
River pebbles, rolled downstream, and beach pebbles, rolled 
up and down the beach, are indistinguishable. Both types pass 
through subangular stages and finally become well rounded with 
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smooth surfaros, fnio from sc,rat.tili(^s. Soft, and hard grains arc^ 
planed off alikci, althougli here? and tliorc some brittle grains 
may have? heem chipped out by hard knocks. The ultimate form 
depends upon the original nature of the rock fragments. Cubical 
blocks become spherical, while flat slabs are worn to thin, oval 
pebbles (Fig. 18). 

Con(ientric, or spheroidal, w(‘alhering is a passive process by 
which rounded bowlders of disintegration are formed. The agents 



Fw. 19. — Development of bowlders of disintegration. The bowlder in the center of the 
figure is still in place. It has been formed from a joint block by the gradual removal of the 
surrounding rook. Other joint blocks appear in less advanced stagini of disintegration 
(Owens Valley, Cal.). (Drawn from a photograph by J. H, Blake.) 


include repeated freezing and thawing of water in the cracks and 
interstices of the rock and such chemical agents as carbonation, 
oxidation, and hydration of certain of the mineral constituents, 
resulting in localized expansion because the new minerals occupy 
mcfre volume than the old. These agents work inward from 
the corners, edges, and surfaces of joint blocks. The comers 
wear away faster than the edges, and the edges faster than 
the surfaces, so that a rounded internal core at length remains 
(Figs. 12, 19). From this the grains come off singly or in shells 
or spalls. Bowldem of disintegration differ from bowlcfers oi’ 
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iiiirition in being much weathered on th(^ outside, and in liaving 
rough, granular surfaces (Cf. 33). 

51. Elongated and Flattened Pebbles. — In metamorphic ro(^ks 
pebbles and other rock fragments may have their original shapes 
entirely altc^rcd. Kven eciuidimensional pebbles may be com- 
pressed in such a way that they IxM^ome long, spindle-shaped 
rods, or they may hv. flattenc^d into thin shet^ts. By rubbing 



Kio. 20. — A pfcbble of qnart^io 
elong:uted by compremion in dynamic 
nielarnorphifim, length about 6 in. 



'•I 


Flo, 21. — A pebble of quarUite 
elongated, c)dg(?d, anrl fluted by anvere 
compression in d.i nuinic metamor- 
phism. Length about 0 in. 


against adjacent pebbles, during the shf^aring of the rock (230), 
they may be slickensided, fluted, and ribbed (Figs. 20, 21). 

62. Pebble-like Bodies. — Sometimes rocks contain pebble-like 
bodies which are regally not pebbles at all. In plutonic rocks 
rounded or oval masses may be segregations or inclusions ( 112 , 
140). They differ in composition from the matrix which sur- 
rounds them. Other pebbUvlike or bowlder-like forms include 
concretions ( 68 ), some kinds of fossils, volcanic bombs ( 112 ), 
and lava ‘‘pillows'' (112). 


(CHAPTER IV 


ORIGINAL SURFACE FEATURES OF SEDIMENTS 

(Classification 

63. Identification of Minor Irregularities of Surface. — 

During the process of construction of sedimentary deposits, 
there arc sometimes produced certain minor irregularities of 
surface. These may be of considerable value in determining 
the origin of consolidated strata in which they may be reexposed 
cither in cross section or, if the rock surface happens to coincide 
with the original bedding surface, in their old superficial aspect. 
These features may be grouped according to their general 
appearance, as follows: 

Key Foii THE Tdektipi CATION OF MiNoii SxjuPACE Peatuues of Uncon- 
solidated Sediments 

A. Kiflpes, or ridgo-like forms, associated or not associated with depressions, 
if 

1. V-shaped in plan, measuring several feet from one to another, and if 
found near the upper borders of beaches, may be beach cusps (64). 

2. Parallel or subparallel ridges, generally between 2 and 6 or 8 in. apart, 
may be ripple marks (66). 

3. Very low ridges, somewhat irregular in form, generally less than Js in. 
high, trending along beaches, may bo wave marks (66). 

B. Channel-like or groove-like forms, if • 

1. Small channels, branching or not, trending down the slope of the 
beach or other deposit, may be rill marks (67). 

2. Cracks in mud or clay, occurring in a ramifying system, are probably 
sun cracks ( 68 ). 

3. Short, shallow, gashlike openings in clay or mud, may be frost marks 

( 61 ). 

4. Resembling footprints, may be fossil trails (62). 

C. Shallow depressions, if present 

1. As scattered circular or nearly circular, saucer-shaped hollow’s, may 
be rain prints (69), spray imprints (69), or bubble impressions J[60). 

2, In series, may be fossil footprints (62). 

48 
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Dkscription and Explanation 

54. Beach Cusps.-- Along lake and sea b(;aches, particularly 
the latter, triangular ridges or cusps are sometimes found at 
regular intervals of 10 to 40 ft. or more (TMg. 22). ‘^When most 
typically developed the beach cusp has the form of an isosceles 
triangle with its base parallel to the beach, but at its 
upper edge, and its apex near the water. According 
to Johnson, beach cusps are formed through '"selective erosion 
by the swash” which constructs '‘shallow troughs of approxi- 
mately uniform breadth,” beginning with “initial, irregular 



Vki. 22. — Plan of boaoh ruhph Tii#* curipH point down tl»i- 'r>oa<‘b 


depressions in the beach. ”2 Their ultimate size and spacing 
are proportional to the siz(; of the wav(‘s. 

65. Ripple Marks. — Ripple marks,-* confined for the most 
part to coarse and fine sands, may be formed by water waves 
or by currents of wind or water, (hirrcnt -built ripple marks 
are sometimes called current wxxrh^. 

Wave-made ripple marks are common on beaches. Tliey are 
symmetrical in cross section, having equal sloi)eK on each side 
of the crest line. While in process of formation they are practi- 
cally stationary, and, if they are the product of a uniform 
swell in relatively quiet water, their crests are apt to be sharp 
and the intervening troughs are rounded (Fig. 23, A). How- 
ever, by slight changes in the strengtii of the waves or by a 
decrease in the resulting agitation of the water, the crests are 
soon rounded off (Fig. 23, B). Indeed, the rounding may 
proceed to such an extent, and the sand which has lyecn removed 

1 Bihliog., Gbabau, A., p. 706. 

* Biblmg , Johnson, D. W., p. 620. 

* Bihliog., BrcHER, W. H., 1919; and Twknhofbl, W. H., 1926, pp, 461, 
^ seq. 
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from the crests may so far fill the troughs, that the system of 
ripples becomes a series of alternating flattened ridges and V- 
shaped depiressions (Fig. 23, C). Rounded crests and troughs 
are most often found. The larger grains lodge in the troughs 
and the small ones form the crests. Mica flakes settle in the 
troughs, or on the front slopes (Cf. 97). 



HlTrrrTTTlTITriTrnT^^ 

irnMTmriMTTTTmiTTrrm^m^ 

Fia 23. — TransvcrBc t)ruftle BoctiunH of wavo-niade ripple marks. 

Current ripple marks ^ whether made by wind or water, are 
unsymmetrical in cross section (Fig. 24). One slope is steeper 
and shorter than the other, and the short slope is always inclined 
in the direction in which the current is moving. Troughs 
and crests are both rounded. The sand particles arc swept 


inriTITllIIIlTif^^ 

Fig. 24. — TrannverBe profile section of current-made ripple marks. The current flowed in 
the direction of the arrow. 

up the long slope and are dumped over the crest down the 
steep slope. On account of this migration of particles, the 
whole system of ripples advances slowly in the same direction 
as the current. Ripple marks may be made by wind on slopes 
inclined as steeply as sand will stand ( 246 ), and their trehd may 
be in any direction on such a slope; but ripples formed by 
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water are seldom observed on surfaces that slope more than 
5° or 6°, In eolian ripple marks the coarse grains are on the 
crests and the finer ones are in the troughs. In water current- 
made ripples the fine grains are on the crests and the coarse ones 
are in the troughs and on the short, steep slopes of the ridges 
(Cf. 97). The span between adjacent crests of a ripple system is 
rarely more than a few inches. 

56. Wave Marks. — Wave marks (also called sivaah marks) 
are very low, narrow, wavy ridges to be seen on sand beaches. 




Fia. 25. — Plan of wave marks on a sea beach. The land ia above, and the sea Ixdow, the 

figure, aa drawn. 


They are seldom over Ke in- high and } i in. wide. Each is made 
by the swash of water that runs up the beach after the breaking 
of a wave. As the tide goes down, every swash more or less 
destroys the earlier wave marks, and builds one of its own, so 
that it is common to find wave marks cutting into those next 
higher on the beach (Fig. 25). This relation may possibly be 
of some use in showing in which direction the sea lay when sedi- 
ments, now consolidated, were deposited. 

67. Rill Marks. — The word “rill mark” has been applied 
to three kinds of structure. (1) After the swash of a wave up 
the beach, the returning water may scour little channels in 
the sand, which unite in trunk channels, and these again join 
with others, like a miniature river system. In this case each 
set of All c^nnels branches up the beach (Fig. 26, A, B). (2) 
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Sniiill Klroains tliat debouch on sandy or clayey flats sometiin(\s 
divide and may l)ranch many times before the water finally runs 
off or passes into the ground. The channels or rill marks of 



this type branch down the slope (Fig. 26, C). They resemble 
the much larger channels made by the distributaries on deltas. 
Water flowing down a sandy beach scours a small channel 
on each side of such an obstruction as a 
half-buried pebble or shell (Fig. 26, D-F) 
and the two channels generally unite in a 
short gully just below the obstruction. 
On the upstream side a low ridge may be 
built. This third kind of rill mark is 
evidently an index to the direction in which 
the current flowed. Of the three varieties 
the second is most apt to be preserved. 

53. Sun Cracks. — When dried under the 
sun’s rays for a sufficiently long time, mud 
and clay shrink and crack in a network of 
S Inches Assures which inclose polygonal areas (Fig. 

Fio.27.~.Sun-crackpdciay ^7). Thcsc fissurcs are Called mn cracks, 
afl8iH»niiipian. Thoahrink- ^nud crojcks, or dcsiccation fissures. In 

ago of the clay haa exposed ' '' 

an uudoriying bed of sand cross section they may be wedge shaped, 

(stippled) in the cracks. . j j 

(Cf 1 ^. 28 .) thinning out downward, or they may have 

parallel walls (Fig. 28). They may be as 
much as several inches wide at the top and 10 ft. deep,^ but they 
are generally smaller. Their best development is found in 

» Bibliog., Grabaxj, A., p. 709. * 
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localities where long exposure and a dry, warm climate are 
possible conditions. S\in cracks are therefore most characteristic 
of playas and the flood plains of large rivers in semiarid and arid 
regions. They may also be found on exposed, low, shelving 




Fiij. 2S. — Sun crao,kw in Hoction, A, Bun-crack*‘d clay )ay«‘r above* a brrl of Hanil 'riii* 
Band is oxpoBPd in th'.* crarks. (( *f. Fig. 27 ) Tho clay chips have curled a little at tlM‘ir odgaii 
B, 8un-<'Tackcd clay, tho crackn tapering out downward 


shores of lakes in seasonf? of low water, and, more rarely, on 
tidal mud flats. Locally they may be seen in the bed of any dry- 
ing mud puddle. They are essentially continental in origin 



Fig 29.“ Bain prints in clay. (About natural sisc.) 


and always indicate that the water in which the mud or clay 
accumulated was relatively shallow' (88). 

69. Prints.— Clays, muds, and fine sands may preserve 

the impressions of rain drops. Each imprint is a shallow circular 
hollow with a very slight encircling ridge which was raised by the 

‘ BibUog., Barbell, J., 1!»00, p. 524. 
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impact of the drop (Fig. 29). If there was no wind during the 
shower, the rim is of approximately equal height all round each 
impression; but if the rain fell obliquely, the part of the rim on the 
lee side of the hollow is higher (Fig. 30). Rain prints arc espe- 
cially characteristic of continental mud deposits. Spray imprints, 
from the splash of breakers, may be formed 
[ on beaches. 

60. Bubble Impressions. — Impressions 
made by bubbles of gas or air rising 'to the 
surface of mud flats, marsh deposits, beaches 
following the retreat of waves, and the muddy 
or fine sandy bottoms of water bodies, may 
very closely resemble rain imprints. Bubble 
impressions are cycular depressions of small 
size, which, unlike rain imprints, are more 
likely to be without marginal rirns thitn with 


\ 


B 

Fio ;W) — Profile section a 
acroaa rain prinia formed 
during a ahower (A) when 
there was no wind, and (B) 
when the wind waa blowing 
from loft to right. 


such rims. 

61. Frost Marks. — Frost as well as rain may leave its vestiges. 
When moisture in mud or clay freezes, it forms bladed and 
branching crystals of ice, casts of which remain after the crystals 
have melted and the water has passed away. Under the con- 
ditions for the perservation of mud cracks, rain prints, etc., frost 
marks may become lithified. 

62. Animal Tracks. — Sometimes terrestrial animals leave 
records of their existence in footprints and trails in fine-grained 
sediments, particularly in clays of playas and river flood plains. 
If these impressions are left on marine sand or mud at low tide, 
they are generally, though not always, washed away by the next 
incoming tide. Most tracks and burrows preserved on the 
borders of lakes and seas are those of aquatic organisms. Depres- 
sions of various kinds, particularly those due to differential 
weathering of inclusions, segregations, pebbles, or other such 
bodies, are not infrequently mistaken for footprints (see Art. 
10 for the discrimination between superficial and structural 
features). 



CHAPTER V 


ORIGINAL STRUCTURES AND STRUCTURAL RELATIONS 
OF SEDIMENTARY ROCKS 

Stratification 

63. Bedding in Mechanical Deposits. — Mechanical deposits 
consist of the fragments of preexisting rocks. If such fragments 
are transported prior to their accumulation^ the agent that 
carries them may have the power of separating the lighter ones 



Fig. 31. — Boddinc consisting of layers of sand and gravel. The thick sand bed in the 
lower half of the figure was somewhat eroded by the stream that deposited the overlying 
layer of gravel. (Length about 20 ft.) 

from those which are heavier. This process is called aorting. 
It is characteristic of handling by wind and by running water. 
As long as the transporting current is weak, it moves only light 
particles and these are somewhere spread out as a fine-grained 
layer. • If the current becomes strongM*, it may bear heavier 
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fragments and may distribnte them as a coarser layer above the 
earlier, finer materials. Thus, by variations in the efficiency of 
the transporting agent, a deposit may come to have a layered 
structure, known as bedding or stratification (Fig. 31). The beds 
or strata (sing., stratum) , as the layers are called,^ may differ 
from one another either; (1) in texture, that is, in the size of their 
constituent particles or fragments; or (2) in composition, since 
variation in weight may be due to diftertmees in specific gravity, 
a property closely related to chemical composition; or ^(3) in 
both texture and composition. Evidently, then, bedding in a 
deposit is a proof of changing conditions during accumulation. 

64 . Bedding in Chemical and Organic Deposits. — In chemical 
and organic deposits, likewise, bedding indicates that the con- 
ditions of accumulation were not uniform. In superficial chem- 
ical deposits (salt, gypsum, sodium carbonate, bog iron ore, etc.), 
bedding may be produced, during sedimentation, by changes in 
the chemical substance precipitated or by variations in the quan- 
tity of contained chemical or mechanical impurities. These 
changes may owe their origin to oscillations in weather or climate. 

66. Absence of Bedding in Sedimentary Deposits. — Provided 
we accept the statement that bedding is a result of changing 
conditions, then absence of bedding, oi fw^rfectly uniform char- 
acter, is what might be expected in deposits accumulated under 
very uniform conditions. However, there are other explanations 
for this feature. The several important causes for such absence 
of bedding in a sedimentary deposit may be summarized as fol- 
lows: (1) the rate of accumulation may have been too rapid 
for sorting; (2) the transporting agent, by its nature, may have 
lacked the power of sorting; (3) the method of accumulation may 
have been unadapted to sorting; (4) the materials supplied may 
have been too uniform in character; (5) slumping of the materials 
after their deposition may have destroyed an original bedded 
structure. 

In the sudden fall and quick heaping up of landslide debris 
there is no chance for sorting. Talus is practically free from 
Very thin beds are usually termed lamiim (sing., himina), ^ 
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bedding, although there may be a tendency’' for the larger blocks 
to roll to the base of the slope. The slow accumulation of 
materials by overriding ice (drumlins, etc.), the gradual lowering 
of englacial and superglacial d6bris in the melting of a stagnant 
glacier, and the falling of rock particles and fragments of all sizes 
from ice walls or from the ice front — these are all processes 
which are not accompanied by sorting, provided water has no 
share in the deposition. Such deposits, of glacial origin, are 



Fiq. 32. — Section in till. Noto entire abncnoe of bedding. The baini lor handle ui about 
15 in. long. (Photo K. W. Saylcs.) 


called till (Fig. 32). Till may be defined as glacial material which 
shows no bedding, or, at best, bedding of very obscure and 
irregular character. Even in water-laid materials sedimentation 
may be too rapid for sorting. Thus, alluvial cone gravels at the 
base of a steep mountain range may have very rude bedding and 
they may even closely resemble till, so poorly defined are the 
strata. Likewise, the gravels of eskers and kames are rarely well 
stratified, because their formation is rapid, d4bris of all sizes falls 
out frojn the supporting ice walls, and the beds, such as they are, 
are ob^red or destroyed by slumping after the supporting ice 
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is removed by melting. Absence of bedding in coarse deposits 
of water-worn materials is sometimes called pellrmell structure. 

In fine sediments absence of stratification indicates very 
uniform conditions of deposition, that is to say, there was 
probably very little action of waves or of currents to modify 
the process. This massive structure may be found sometimes in 
dust deposits (loess), in quiet water deposits, and in chemical 
and organic deposits. 



Fig. SS.^Section of a basalt flow resting on alluvial cone gravels, as seen on the wall of a 
email canyon. The contact runs from left to right near the middle of the figure. The lava 
is vesicular near its upper surface and less so near its lower surface, and is compact in ite 
middle portion. It is partly covered by later river-laid gravels, not shown. Note the 
rude hexagonal columnar jointing. (Owens Valley, Cal.) 


66. 'Interstratification of Materials of Diverse Origin.— If one 
carries to an extreme the idea of changing conditions as related 
to stratification, one can easily understand how mechanical and 
chemical deposits, chemical and organic deposits, and other rock 
materials which are formed at the earth's surface, may be inter- 
stratified, Good examples of this phenomenon arc: (1) the inter- 
stratification of salt and gypsum with layers of mud and sand 
in the basins of salt lakes which have suffer^ considerable varia- 
tions in depth and salinity; (2) the interstratification of peat with 
^day or sand; (3) the interstratification of bedded with uift>edded 
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deposits, such as aqueoglacial satids and gravels witli till (76); 
and (4) the interstratificatioii of lava flows or pyroclastic debris 
with materials derived by ordinary processes of erosion (Fig. 33). 

67. Pseudostratification. — Occasionally till deposits which 
have been overridden by ice (drumlins, etc.) exhibit a structure 
concentric with their surfaces and somewhat resembling stratifi- 
cation. This is not true bedding for it is not due to sorting. 
It is caused in part by the plastering of layer on layer by the ice 
and in part by shearing of the till by the great pressure of the ice. 

The student should guard against confusing foliation in meta- 
morphosed rocks (227) and sheet jointing in sornc^ eruptive' ro(!ks 
(216) with stratification. Both of these structures are of second- 
ary origin (see also Art. 97). 

Consolidation ^ 

68. Consolidation of Mechanical Sediments. — Mud, sand, 
and gravel are unconsolidated mechanical sediments. Under 
certain conditions these may become mudstone, sandstone, and 
conglomerate, respectively. In like manner all fragmentals 
have their consolidated equivalents. Peat may become coal; 
till may become tillite. There are several ways in which con- 
solidation maj^ be brought about, and, while it is gcmerally 
effected at considerable depths within the lithosphere, it may 
occur at the earth's surface. For instance, the baking of clay 
under the sun's hot rays is a surface phenomenon, but. this kind 
of consolidation is only partial and the dried clay would hardly 
be called a rock in the popular sense of the word. Another 
example is that of the coquina, or shell rock, of Florida. This 
is a sandstone composed of shell and coral fragments which 
have been heaped together by wind and water. The process of 
solidification is thought to be going on at present. Rain water, 
descending through the deposit, dissolves lime carbonate from the 
particles and redeposits it a little lower down as a binder between 
the grains. Occasionally the same kind of thing may be seen 
in the case of ordinary sands or gravels where the fragmentj^ 
contairfabundant iron-bearing minerals. The descending wat<'rs 
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(l(j(i()ini)(js(' ilujHo minerals and rodcposit the iron, in llie form of 
lirnonifo (iron nisi), as a eernent. Siiix^rficial (consolidation is 
generally aceomplisluid by one of these two methods, namely, 
by drying or ))y the introdiietion of a cement,. 

At grccatcjr depths consolidation by cemccntation is a very 
common pi-ocess, for the chemical activity of interstitial water 
increas(cs with increment of temperature, and temperature 
increas(vs with dccpth.^ The weight of the overlying burden 
assists, too, for pressure is an aid to consolidation. In the 
formation of coal, compression may predominate as the cause of 
(consolidation. In clay rocks the crystallization of original 
colloidal matter may cause cementation. Without going further 
into details, we may conclude that the most important difference 
between consolidated and unconsolidg^ted mechanical sediments 
lies in ihu pres(mc(^ of a cement in the foi'mer and its absemce in the 
latter. Lik(j all rules, however, this one has its exceptions. 

The cement may have been brought m from without or, more 
often, it has been derivc^d within th(^ dc'posit. The four most 
common binding substance's are lu'matite (FcaO.}), limonite 
(2Fe203-3H20), calcite (CaCO?) and silica (8i()2). Hematite 
is n^d. It is the chief binder in many red sandstones. Limonite 
is yellow, buff, or brown, and is the cement in brown sandstones. 
Calcite, colorless or white, may be detected by testing with 
dilute HCl. Silica, best recognized by means of a polarizing 
microscope, is very hard and is often the cement in extremely 
hard sedimentary rocks, such as (juartzite. 

Occasionally evidences are found of cementation which has 
been concentrated about such objects as fossil shells, leaves, 
etc., in a sedimentary accumulation. Each fossil thus becomes 
surrounded by a jacket of cemented sediments, a jacket which 
thickens as long as cementation continues. If the unconsoli- 
dated sedimentary matrix be removeci, these coated bodies, 
or concretions^ are found to be of various shapes. Some are 
spherical, some ovoid, some disc-shaped, and some are very 
irregular if two or more have become attached in their growth. 

' 8ee footnote, p. 65 . * 
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Fossils are not alwaj^s found in the hearts of concretions. If 
(jhemical deposition once begins at any point, the minute portion 
already crystallized may stimulate* further disposition about 
itself. The matrix is not always unconsolidated; it is merely 
less firmly (ionsolidated than the concretions. Concretions may 
originate, also, by tin* localized deposition of substances which 
make room for themselves by actuall3'^ for(*ing aside the surround- 
ing rock. 

differential weathering con(*retions may be loosened from 
their matrix and accumulated as a residual gravel. Th(*y should 
not be mistaken for true pebbles. 

69. Consolidation of Chemical Sediments.— ('li(*mical sedi- 
ments do not undergo the same type of lithification as do frag- 
mental sedimemts. Many chemical dej>osits are j)re(npifat(Ml 
in the crystalline condition, and the resulting (*rystalline aggn*- 
gate, if pure, is nearly as hard as the min(*ral composing it. 
Abundant impurities may weaken tin* ad}u‘sive properties of 
such a rock. In other cases the* (dic*mi(tal s(^dim(*nt a(jcumulatcs 
in a colloidal state and subsequently hardens by a gradual loss 
of moisture, or, sometimes, by ultimate? crystallization. Bog 
iron ore is a rock probably consolidated from a colloidal condition 
by loss of water. 

70. Consolidation of Organic Sediments.— With resi)(*ct to 
their (ionsolidation deposits resulting directly or indirectly from 
organic processes may be regarded as chemical or m(*(*hanical. 
Some of these sediments, like the unbroken central portions of 
coral reefs, are precipitated in solid form by proc(‘ss(?s which are 
as truly chemical as they are organic. Others, such jis certain 
kinds of coal and the* coral sand ro(*k above described, are accu- 
mulations of plant debris or of the fragments of animal skeletons, 
and these, therefore, are mechanical. Their consolidation is 
accomplished by one or more of the methods described in 
Art. 68 . 

71. Porosity and Permeability of Sediments. — AH sodim(»ntary 
matf?rials contain small open spaces which are referred to as 
pores or voids. These pores are partfcularly conspicuous in 
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coarse fragmental deposits and in some dolomitic limestones.^ 
The 'porosity of a rock is the percentage volume of the total pore 
space in a given volume of the rock. This is usually determined 
by measuring the quantity of water that a sample of the rock will 
contain. Thus, if 1 cu. ft. of sandstone, when saturated, holds 
cu. ft. of water, its porosity is or 25 per cent. 

Theoretically, on the assumption that all the grains of a mass 
of sand are spherical, are of uniform size, and are touching one 
anotlu^r, the maximum porosity possil^le is 47.64 per (rent and 


B 

I'lO. 34. — A. open arraiiReineril of uphcrical graiiiH. The centres of the grains in each 
overlying layer would be directly ove-r the centres of the grains below. The porosity is 
47.64 per cent. 

B. (^lose arrangement of spherical grains. In each layer the centres of the grains arc 
above the centres of the open spaces in the next underlying layer, as indicated by the dashed 
circles. The porosity is 25.95 per cent. 

the minimum is 25.95 per cent (Fig. 34). Under these condi- 
tions, the size of the grains has no effect on the total pore space, 
provided the grains are arranged in the same way. In other 
words, the porosity of a gravel composed of essentially spherical 
pebbles 2 in. in diameter is practically the same as the porosity 
of a very fine silt composed of minute spherical particles, although 
the size of the pores, of course, is very different in the two cases. 

Variations in the shape of the grains cause only slight differ- 
ences in the porosity of the rock. 

On the other hand, great variation in porosity results from 
an intermixture of particles of different sizes, for tte smaller 

^ Alteration of caloite to dolomite involves a contraction of 12.3 f>er cent. 




A 





ORIGINAL STRUCTURES OF SEDIMENTARY ROCKS 03 


grains partly fill the pores between the larger grains. For this 
reason, since sands and gravels arc nearly always composed of 
large and small particles intermingled, the porosity of these 
materials is ordinarily less than that of very fine muds and silt-s in 
which there is not the same opportunity for great range of size 
in the constituents. 

In loase mechanical sediments, such as sands and gravels, 
pores are freely communicating, but, in consolidated rocks, they 
are partly closed, and the minute passages between the grains 
may be very tortuous, usually on account of the compression 
and partial cementation of the rock. The relative ease with 
which such fluids as water, oil, and gas can move through these 
passages is an index of the permeability of tlie rock.^ Permea- 
bility is high where the pore spaces are large and numerous and 
where they are freely intercommunicating. Also, a rock with 
pore spaces of given size, abundance, and continuity is more 
permeable by fluids of low than of high viscosity. Permeability 
is sometimc/S called tightness. An oil-bearing rock is tight if it 
yields its oil with difficulty, and it is open if it yields its oil 
freely. 

The finer the rock and, therefore, the smaller the pores, the 
more do friction and other forces serve to retard the movement 
of fluids through rock materials and to reduce or check the yield 
of fluids from rock materials. Thus, although a clay may per- 
haps contain more water than a gravel, both being saturated, 
the gravel will yield its water very much more readily and more 
abundantly than the clay, other conditions being equal. The 
gravel is the more permeable. 

72. Compression of Sediments. — During long-continued sedi- 
mentation in a region, the strata already laid down are covered 
by an increasingly thick and heavy overburden which tends to 
compress them by its weight. The compression, although 
produced by a force acting downward, is undoubtedly transmitted 
in all directions, so that the sedimentary material becomes more 
compact not only across, but also along, the bedding. 

1 Petmeability is expressed in units called iniHidarcies (sing., millidarcy). 
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As proof of this eoinprassioii in sodimonts, we may m(‘.ntion 
the bending of laminaR about inelosod pebbles or other resistant, 
bodies (Fig. 35), the flattening of fossils, and, possibly, th(' 
presence of eleavag(j in some shale formations which have 
not been folded or otherwise deformed. 

1''he reduction in volume, consequent upon the compression, 
may be accomplished by: (1) partial squeezing out of inter- 
stitial water or other fluids; (2) closer 
crowding of the constituent particles; 
(3) bending and granulation of parti- 
cles; (4) rearrangement of grains by 
crystal gliding; and, (5) chemical read- 
justmeut, as jsecn in the recrystaUiza- 
have been bent anainat the tioil of SChistS and glieisses (224). The 

pebble in the compression of the i • t i 

rock. The presence of an iso- HTSt tWO mCt^odS, just listed, aro OSpC- 

cially effective in unconsolidated depo- 

was rafted out and dropped. moro Or leSS aSSOCiated 

with the lithifi(!atioii of many rocks. The last three methods 
are more characteristic of changes within rocks already 
solid, such changes as occur in the metamorphism of rocks 
(Chapter IX). 

Sedimentary materials may vary greatly in their compressibil- 
ity. Sandstones, limestones, metamorphic and igneous rocks, 
are practically incompressible. Most of the compaction occur- 
ring in sandstones and limestones takes place before cementation 
has progressed far. Mud, clay, shale, and similar materials 
undergo considerable reduction in volume, which may be over 
40 per cent of the original volume. Athy states that there is, 
in pure shales, definite relation between density (degree of com- 
paction) and depth (pressure) of burial. His studies reveal in 
such rocks a compaction of roughly 26 per cent at 1,000 ft,, 36 per 
cent at 2,000 ft., 40 per cent at 3,000 ft., and 45 per cent at 6,000 
ft.^ (161, 1|2). We may add here that the fluids that are present 
underground in the pores of rocks, such as gas, oil, and even water, 

' Bibliog., Teas, L. P., 1923; Hedberg, Holus D., 1926; Athy, L. F,, 
1929 (o); and Nbvin, C. M., and Sherrill, R. E., 1929. • 
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are compresstid to a dogiw d(‘pendont. on depth and several 
other factors^ 


Modes of Occuktience 

73. Primary Dip. — During aeoumulation the attitude assumed 
by strata dc'pends upon the attitude of the eons truet ioiial. surf ae(? 
upon which they mv Ixang dc^posited. Alluvial cone gravels 
are laid down in rude b(*ds approximal(‘ly i)arall(^l to the surface 
of the cone (260). Sand blown ov(t the crest of a dune falls on 
the steep lee slope where it is built up layer on layer. If a hole 
be dug in a beach, the strata will oft-(»n be s(‘en to dip seaward 
parallel to the surface of the beach. Scores ()f otlun* examples 
might be cited. The vertical angle b('l-W(‘en such an inclined 
layer and the horizontal may l>e called th(^ primary dip or original 

^ Experimental data indicate that pure water, if Huhjeeted to inereaHing 
pressures up to 500 atm. (7,350 lb. per scpian^ inch) at ternperatim^s from 
32° up to at least as high as 170°F., is ooinpnjssibh^ by ro\ig}dy 2.J per cent 
of its volume at atmosjilu^ric pressure and at th(‘, designated temperature. 
At atmospheric pressure, pure water expands about 2.87 per cent of its 
volume at 32°F. in being hcnited from 32° to 176"F.; and, at 500 atm., it 
expands 3.1 1 per rrmt of its volume at 32° in being heat<*d from 32° to 170°F. 
Water containing salt (NaCl) or other impurities in solution is less com- 
pressible than pure water, and the degree of its compressibility decreases 
with increase in its content of solute. Similarly, saline waters, when 
heated, are subject to less expansion than pure water under like conditions. 

These are statements of interest to geologists in view of the facts (1) 
that there is a general increase of temperature with depth (Art. 432 ), which, 
though extremely variable, averages roughly 1°F. for every 50 to 60 ft. 
of depth in regions of thick sedimentary prisms; (2) tliat tiiiderground waters 
reveal an increase in content of NaCi and, to a less extent, of other solutes, 
w'ith depth, thc^ rate being variable but amounting to an average of at least 
16,000 to 18,000 parts of sohite per million parts of water (V^y weight) for 
each 1,000 ft. of depth in regions underlain by thick sedimentary prisms, 
like the Gulf Coastal Plain; and (3) that hydrostatic pressure in the litho- 
sphere increases downward at a rate varying from 0.46 lb. per square inch 
for pure water to 0.502 lb. per square inch for water containing 250,000 
parts per million of solids in solution. 

References to statistical data may be found in the Jour. Am. Chem. Soc.f 
vol. LIII, p. 3783, 1931, and in International Critical Tables, vol. Ill, 
p. 40, M^raw-Hill Book Company, Inc., 1928. 
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dip of the layer. It is also n^fcri-ed io as a construciional or deposir- 
tional gradient,^ parti(;ularly as applied to the larger formations 
such as alluvial plain deposits, deltas, coastal plain formations, etc. 

Primary dip, being immediately dependent upon constructional 
slopes, can never have angles greater than the maximum angle 
of repose for unconsolidated materials (246). Its values will 
range for the most part between 30® or 35® and 0®. 

Probably a majority of strata of one kind or another are built 
with a primary dip; but the deeper offshore water deposits of 
oceans and lakes, the slowly settling dust accumulations of eolian 
origin, interbedded chemical and mechanical deposits of saline 
lakes, and a few other types of sediment, are spread out with 
nearly or quite horizontal attitude. 

74. Conformity and Its Significai^ce. — When sediments are 
being laid down, deposition may be continuous for long periods 
of time, and yet, because of variations in the strength of th*e trans- 
porting agent or in the nature of the depositing agent, the strata 
may differ, as we have seen, in texture and composition (63). 
Such beds, formed one above another, in uninterrupted sequence, 
are usually parallel to one another. Any stratum in the series 
is conformable with the beds above and below it. This relation 
between the beds is called conformity. 

While conformity is often the result of uninterrupted deposi- 
tion, it is not always so. Sedimentation may entirely cease 
for a few hours or days or even for several months or years, and, 
provided the part of the deposit already laid down suffers no 
kind of erosion or deformation, renewed sedimentation will be 
in conformity with the older beds. Within the formation evi- 
dence of a lapse of time of this sort would rarely be discernible. 
The essential fact to remember is, that in a conformable series, 
there has been no interval of erosion to interrupt the accumuUUiqn 
of the strata. 

1 'Tnitial dip,” a term which properly should he synonymous with 
''original dip,” was unfortunately applied by Bailey Willis to "original dip 
plit8 a certain secondary angle added by settling or tilting of the strata” 

(lei). 
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76. Relations between Unconsolidated Transported Deposits 
and Bedrock; Regional Unconformity. — The upper surface of 
the bedrock beneath any transportc^d deposit is a sharply defined 
boundary between the rock and the dc^posit. It is usually 
an old destructional surface whi(^h is now protected to a large 
extent from further erosion by its cover of sediments*. Such 
a buried surface of erosion is called a surface of unconformity. 
Furthermore, it is termed regional unconformity because the 
surface is of wide extent. 



D E F 


Fio. 36. — Types of unuotiformity. A, unconformity between Kranite (belPw) and swli- 
ments (above); B, dlsconformity ; C, D, noncoiiforiiiity or anKuiar iineonforinity; in D the 
underlying rocks are schists; E, unconformity between limestone and the residual product 
of its decomposition; F, blended unconformity between granite and the residual product of 
its disintegration. 


Four types of regional unconformity are possible. In each 
the rock upon which the surface was worn was consolidated at 
the time of its erosion.^ This rock, in any given locality, may 
be: (1) a plutonic rock, such as granite or diorite (Fig. 36, A); 
(2) a sedimentary formation that has undergone consolidation 
but no folding (Fig, 36, B); (3) a folded series of consolidated 
sediments (Fig. 36, C) ; or (4) a body of regionally metamorphosed 
rocks (Fig. 36, D). Granite and other plutonic rocks are usually 
injected into some older couniry rock at considerable depth, and 
at the time of intrusion the country rock forms a thick roof over 


* Regional unconformity between two unconsolidated sedimentary forma- 
tions is possible, although uncommon. The best examfile is that of the 
superposition of the deposits laid down by continental ice sheets in two dis- 
tinct glacial epochs (111). 
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the magma (112). Extensive consolidation of sediments rarely 
occurs except after de;ep burial. Finally, folding on a large scale 
and regional metamorphism are processes which are limited to 
depths of several hundreds or thousands of feet below the earth ^s 
surface?. As each of these four tyjws of rock requires a thick 
cover for the origin of its existing chara(;t(?rs, this cover in each 
case must have l)eeii removed down to the 1(‘V(?1 of the present 
surface of unconformity. Erosion of so much material, most of 
which was probably hard rock, takers a long time. Regional 
unconformity, therefore, represents a long period of erosion. 

Two special cases of regional unconformity are mentioned 
above as existing between stratified formations. (1) Stratified 
rock which is essentially horizontal, nev^(?r having suffered defor- 
mation, may be eroded and overlain, b}^ sediments with their 
bedding parallel to the strata ben(?ath them. This relation is 
called parallel unconformity or diseonformity (Fig. 36, B). (2) 

On the other hand, if the older formation was tilted or folded 
before its erosion, there will b(‘ an angle between the strata of 
the two series. This relation is angular unconformity or nor/v- 
conformity (Fig. 36, C). The angle may vary from place to 
place. The young(T .series will tmneate the edges of the? older 
series. 

In the deposit above a regional unconformity are often found 
pebbles, fragments, or grains of the underlying bedrock. These 
have usually been transported some distance and they must 
not be regarded as having been derived necessarily from that 
part of the bedrock w^hich is just below them. By the nature of 
the particles and fragments much can be learned of the depositing 
agent (Chapter III). If the unconsolidated sediments can be 
removed, the exposed surface of the bedrock may exhibit features 
which will indicate the agent of erosion (see Chapter 11), Very 
often by such means deposition of the younger formation and 
erosion of the older rock will be found to have been performed 
by agent, the erosion antedating the sedimentation. 

M. Samples of partially developed regional unconformity be- 
tween unconsolidated deposits and bedrock the following may 
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be cited: (1) river gravels on a rock floor formerly channelled 
out by the river; (2) eolian sands resting on wind-carved rock 
surfaces of desert regions; (3) glacial wash and till on glaciated 
bedrock; (4) beach gravels and sands upon a wave-cut bench 

(266). 

76. Relations between Unconsolidated Residual J)eposits 
and Bedrock; Regional Unconformity. — In regions where decom- 
position prevails the residual deposits sometimes consist of 
substances which were contained in the bedrock and which 
cannot be removed in solution. Terra rossa, a red clay derived 
from limestone, is an example. An accumulation of this sort 
gradually thickens as a layer that covers and (*onceals the remain- 
ing bedrock (Fig. 3b, E). The contact surfac!(‘, or surface 
of unconformity, between J, he two is generally pretty sharp and, 
if artificially exposed, may exhibit superficial fc^atun^s of corro- 
sive origin, for it is chiefly on this buried surface that the rock has 
been and still is undergoing chemical (Tosion. 

Residual gravels and sands originating through disintegration 
grade downward into the rock from which th(‘,y w(Te derived 
(Fig. 30, F). If they an* later overlain by other s(»dimi‘nt.s and 
so become the basal portion of a deposit of some thickneas, the 
relations between this sedimentary formation and the underlying 
bedrock are certainly those of regional unconformity; yet, in this 
ease, there is no distinct surface of separation ; there is no surface 
of unconformity. This might be called bleruled unconformity. 

77. Regional Unconformity in Bedrock. — When sediments 
become consolidated, all the relations of unconformity are pre- 
served. There are then two rock formations separated by the 
surface of unconformity. At least four distinct events are 
represented: (1) the origin of the older, subjacent formation; (2) 
the erosion of this body of rock down to the level of the surface 
of unconformity; (3) the origin of the younger, overlying forma- 
tion ; (4) sufficient erosion of this later series to bring evidence 
for the unconformity within the zone of observation. The old 
formation, as stated in the preceding articles, may consist of 
igueoift or sedimentary rocks, metamorphosed or not, but the 
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new formation can consist only of rocks which originate on the 
earth\s surface (sedimentary or effusive). If the loweir part of 
this younger formation consists of conglomerate or sandstone 
made of fragments of the older formation, it is called a hasal 
conglomerate or hasal sandstone. With a large percentage of 
feldspar it is a basal arkose. 

For the methods of studying regional unconformity, see Art. 

107. 

78. Overlap; Transgression and Regression of Sediments. — 

The relations of regional unconformity show that a sedimentary 
formation is generally initiated by the accumulation of materials 
on an old erosion surface. It is hardly conceivable that the basal 
sediments of such a formation could have been laid down simul- 
taneously throughout their extent. , We must believe that 
deposition commenced in one or more restricted, but favorable 
spots and that the sediments, as they grew thicker and thicker, 
spread laterally and encroached upon the domain of erosion. 
In so doing, they overlapped the edges of the strata already 
formed. 

Two kinds of overlap are recognized: the transgressive and the 
regressive. Each may be marine or nonmarine. Transgressive 
overlap may best be illustrated by the case in which the sea is 
advancing, or transgressing ^ upon a low shelving land mass 
(Fig. 37, A). At the shore line sand and pebbles accumulate. 
Their composition and texture depend upon the nature of the 
rocks of the invaded land area and upon the kind and degree of 
weathering to which these rocks may have been exposed. Away 
from the land, beyond the beach sands, are muds, and again 
beyond thevse muds there may be organic oozes on the sea floor. 
These three phases, the sandy, the muddy, and the limy, extend 
along the coast in roughly parallel belts. This mode of distribu- 
tion has many exceptions and irregularities, but in a broad way 
it generally holds true. 

As the sea encroaches on the land, the relative positions of 
these three types of deposit remain more or less constant and 
tK6 beach sands and pebbles are laid down upon the old Erosion 
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I'la. 37. — ^A, marine tk'anagreesive overlap; iin<w parallel to the «ea floor are called time 
lines iab)r tor they run through materiala deposited contemporaneously; lines essentially 
paiallel to the gravel, sand, and mud deposits are called formation lines (ed). B, transgres- 
sive overlap resulting from the upbuilding of an alluvial cone. C, marine regressive overlap; 
abt formation line; c6, time line. D, lake regressive overlap; the lake floor muds (black) 
are gradually covered by coarser sediments. (Cf. Fig. 47.) 
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Kurface; but the mud comes to overlie the sand deposited at an 
earlier date, and the ooze overlies an older portion of the mud 
body. The mud has lapped over the sand, and the ooze, simi- 
larly, has lapped over the mud. This is marine transgressive 
overlap, A vertical columnar section through the formation 
displays finer elastics over coarser elastics ^ or deep-water sediments 
over shallow-water sediments (Fig. 38, A). 

Another type of transgressive overlap is that resulting from 
piedmont deposition by rivers. In the growth of an alluvial 
cone, the sediments are carried farther and 
farther out on to the plain, so that they over- 
lap the lowTr edges of the older strata. Here 
the overlap is away ft'om the source of supply, 
whenias in the mayjic type it is toward the 
source. To a less extent there is also a head- 
ward overlap at the upper margin of the cone 
where the materials are heaped up against the 
flank of the range (Fig. 37, B). 

Marine regressive overlap (Pig. 37, C) is pro- 
duced where the sea recedes (regresses) from 
the land, f.c., when sea level falls. By this 
process the beach zone migrates out over 
earlier offshore muds, and at their seaward 
ends these mud beds overlap the older oozes. 
In a vertical columnar section, coarser elastics 
overlie finer elastics^ or shallow-water sediments 
overlie deep-water sediments (Fig. 38, B). Actual lowering of sea 
level is not necessary for the origin of marine regressive overlap, 
for a similar regressive section may be produced if the sea level 
is stationary and there is a sufficient supply of sediments, or 
even if sea level is rising, provided the rate of supply exceeds 
the rate of subsidence of the land. 

Lake regressive overlap is very much like marine regressive 
overlap. Feeding streams constantly tend to fill a lake, so that 
the shore sands and pebbles are forced to encroach upon the 
lake^floor muds. A vertical section through a chokeS lake 





Fia. 38. — Ideal Htif- 
tiona to illustrate the 
sequence of dei:>OHitH 
laid down (A) in a 
transgressing sea, and 
(B) in a regressing sea. 
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exhibits coarser sediments m'er finer sediments. This is often 
called the normal lake succession (Fig. 37, D). 

Different types of overlap may be combined in the same 
stratigraphic section. Thus, the sea may have advanced on 
the land and then receded, so that regressive overlap relations 
are found above those of transgression, and this alternation 
may be repeated several times (Fig. 39). Again, marine overlap 
may be replaced by nonmarine overlap, or we versa. The com- 
plications arc too numerous for consideration in this volume.* 



K.O. 39.-A. or- 

f,rdrUm«toZTirplttrn^ A, ahallow-watar aedimeaU (ah«l. and aandaton. 
Iiredominate: at »» dwp-water aodironnta prf^oniin^. -hanaea in the character 

(T), and regressive (R), conditions. 


In Fig 37, A and C, lines parallel to lithologic types (sands, 
mud ete.) are formation Unes, and lines parallel to contem- 
poraneous parts of the deposit are time lines. It is obvious ttot 
formation lines, i.e., Uthologic types, may cross or transgress time 
lines. Stated more simply, a deposit of given lithologic c^racter 
may not be of the same age throughout. Fossils— i.c., the 
remains of animals and plants that lived at the time when the 
sediments were deposited— are used to determine the geologic 
age of a sedimentary formation, and those which are particul^y 
characteristic of any formation are indsx fossUs, At the time 
* For further information, see Bibliog., Gbabao, A., Chapter XVIII. 


74 


FIELD GEOLOGY 


when they lived, these animals and plants flourished under speeial 
conditions of environment (temperature, clearness of water, 
salinity of water), conditions that, in considerable measure, were 
related to the kind of sediments in which the remains were finally 
entombed. Therefore, it is important to remember that fossil 
species, like lithologic types, may and often do transgress time 
lines in the greater sedimentary formations. Care has to be 
taken not to rely too implicitly on an index fossil, or even a, group 
of index fossils, as proof that the containing strata in two localities 
are exactly of the same age. 



Fig. 40. — Clastic dike formed by the filling of a fissure from above. 

79. Clastic Dikes. — The normal method of sedimentary 
accumulation is such that, in the terms of stratigraphy, any 
portion of a deposit must be younger than the materials which 
underlie it and older than the materials which overlie it ( 108 ). 
The age of a stratum is gradational from oldest at the bottom 
to youngest at the top. However, there are instances known of 
clastic dikes, that is, of layers of clastic material which intersect 
other rocks and which, unlike true beds, are of approximately 
the same age at opposite points in their sides. It is easy to 
imagine how sand, perhaps, might drift into and finally fill a 
toure in bedrock at the surface of the ground or under water 
(Fig. 40). This mode of origin has been proposed for these dikes 
in some cases. Another suggestion offered is that detritus has 
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slowly been let down pari passu with the opening of spaces by 
gradual leaching and removal of the original materials in solution 
(Cf. Fig. 36, E). Generally the dike material seems t o have come 
up from below in an unconsolidated condition (as loose sand, mud, 
etc.), probably mixed with water or other fluids. Upturned 
strata in the wall rock, upward thinning and t(n*minatJdn of the 
dikes, evidence of flow structure parallel to the walls, inclusions 
of the.wall rock in the dikes, the great siz(^ and continuity of some 
of the dikes,* and the similarity of the dike materials with under- 



Fig. 41. — Dikes of bituminous sandstone (stippled) in Miocene shale (lined). Section 
about 50 ft. high. (Taken from folio 163, U. 8. G, 8.) 


lying sediments — all these facts point to fairly rapid injection 
from a source below (Fig. 41). There are good reasons for 
believing that the injection was performed under considerable 
pressure (hydrostatic pressure, or pressure from gas, from the 
weight of the superjacent rocks, or from combinations of these 
forces). 

Clastic dikes have been recorded as consisting of asphalt, 
clay, shale, gravel, conglomerate, bituminized and unbituminized 
sand, hard sandstones, and limestone, and as intersecting granite, 
sandstone, sand, shale, clay, limestone, and especially coal. The 
best condition for the origin of these dikes is the presence of 

' Clastic dikes have been found ranging in thickness from mere films up 
to seveiid hundred yards and in length from a few inches to over 0 miles. 
See Bibliog., Nbwbom, J. F. 
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unconsolidated sedimentar}^ material overlain by a hardened, 
cracked stratum. They may have been caused by earthquake 
shocks and earth stresses which tend to fracture rocks and redis- 
tribute mobile substances. 

80 . Clastic Pipes. — Clastic '^intrusions,” instead of being 
shcetlike, may have one long and Iwo short dimensions, like 
a rod. When they have this shape they are termed pipes. They 
are the fillings of irregular tubes and usually have aiTfiroxi- 
inatcly a vertical position. From the fact that the surrounding 
rock is nearly always limestone and from the structural rela- 
tions of these pipes, they are believed to have originated either: 
(1) by the filling of sinks (269); or (2) by the slow settling of 
debris into a depression which, contemporaneously, was being 
made in the bedrock by solution. According to both explana- 
tions the materials enter from above. 

Stkuctures Depending on the Mutual Relations of 
Beds or Laminae 

81 . Local Unconformity; Contemporaneous Erosion. — Some- 
times deposition is interrupted by a period of erosion. The beds 
already laid down may be somewhat dissected. After a rela- 
tively short time the accumulation of sediments may begin again 
and the eroded surface will be covered up by the later beds. 
In a deposit built in this maimer the upper younger strata are 
unconformable with the lower older strata, and the buried surface 
of erosion is a surface of unconformity; but this stnictunj differs 
in several respects from regional unconformity (76, 76). In 
the first place the area of erosion is often of small dimensions 
compared with the whole formation so that this may be called 
local unconformity. Second, the erosion is accomplished during 
a short cessation in the upbuilding of the deposits, and is there- 
fore spoken of as contemporaneous erosion. And third, the 
sediments below the surface of unconformity were not lithified 
at the time of this erosion (see footnote, page 67). 

The most common type of local unconformity is the result of 
stream action. At time of flood a river may cut into and sweep 
• away part of the mud and sand deposited while its current was 
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loss impetuous. its increase in velocity this stream is enabled 
1.0 carry coarser sand and gravel. As soon as the speed begins 
to slacken again, deposition commences. The heavier fragments 
arc dropped first and, while the flood subsides, finer and finer 
particles are deposited until normal conditions prevail. 

A vertical cross s(H;tion through beds separated by a local 
unconformity usually shows a finer strat um overlain by a coarser 
stratum and the two divided by an irregular line (of uncon- 
formity) which cuts across the bedding of the lower stratum 
(Fig. 42). The major stratification above the line of uncon- 



Fio. 42. — Soction of a Huifaco of local tinconforniity ah, b«4wfpn an older clay and ii 
younger, overlying Huiidy gravel. 'I’lic fragiuenta of clay in the gravel are intrafurmatiniiHl 
pebbles. They would still hi* «o clasHified after lilhification of the clay to shale and of the 
gravel to congloinruite, nrovided they icijiultcd from conti*rnpf>rnneouH erosion. 

formity is parallel to that below. (How does local unconformity 
differ from disconformity?) 

Contemporaneous erosion may be caused also by the shift- 
ing of aggrading streams on flood plains, deltas, and alluvial 
cones; in marine deposits by changes in the strength or direction 
of marine currents; in lake deposits by similar changes in cur- 
rents; and in eolian deposits by variations in the wind. In 
all these cases the unconformity is local. 

There is a somewhat similar relation between older and younger 
sediments which may be associated with glaciation. In front 
of an ice sheet or a mountain glacier aqueoglacial deposits accu- 
mulate. Beneath the ice till may be deposited. While the 
ice front is advancing the water-laid sands and gravels may be 
overrij^den, more or less eroded, and subseciuently overlain by 
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till (Fig. 43), The pebbles in such till are many of them water- 
worn, having been dislodged from the underlying wash, and 
those which are striated are characterized by very numerous and 
very fine scratches produced by rubbing against sand rather 



than bedrock. On the other hand, in the retreat of the ice 
front, water derived from melting may flow over and ‘erode 
somewhat earlier till and lay down aqueoglacial muds, sands, 
and gravels upon this till (Fig. 44). The latter relation is more 
common than the former because in most cases advancing ice 
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82. Sun Cracks. — Sun-cracked loam and silty clay disintegrate 


so quickly when moistened that 
for the preservation of the crac^ 
enough to dry thoroughly, may 
hold together until the cracks 
are filled with sand by an invad- 
ing sheet of water. Sun cracks 
may be filled also with wind- 
blown’dust or sand. In any case 
a cross section would show a fine 
mud or clay deposit overlain 
(usually) by a somewhat coarser 
stratum from which small pro- 
jections, wedge-shaped or rec- 
tangular (68), would extend 
downward a few inches (Fig. 45). 
The contact between the two 
deposits would be sharp and 
would represent a time interval 
during which sedimentation 
ceased. In this interval erosion 


there is little or no opportunity 



A 



6 

Fio. 45. — SectioriH of »uri>crackod eliiy 
which has been buried by Band. In B a 
thill clay layer reeled on sand. (Cf. 
Fig. 28.) 

might or might not occur. It 


would not be unnatural to find contemporaneoas croaion exhib- 



Fio. 46.'— Conglomerate produced by interbedding of sand lamina and sun-eracked cUy 

landna. 


ited somewhere along the line of contact ( 94 ). Alternating sunr 
cracked clay lamime and laminsB of sand give the rock the 
appearance of a conglomerate (or breccia) (Fig. 46). 
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88. Contemporaneous Deformation. — Sometimes an agent 
of contemporaneous erosion not only scours away strata which 
have been laid down rcf^ontly, but also buckles them up or breaks 
and faults them. Undisturbed beds are then deposited upon th(^ 
tmneated edges of the dislocated layers. This structure, which 
may be called contemporaneous deformation, is mentioned here 
merely to call attention to it as being a feature which may be 
developed in strata prior to their lithification, but its des(^riptioii 
is reserved for Art. 169. 

84. Cross-bedding. A. Cross-bedding Defined. — In some de- 
posits, especially in sands, certain beds may exhibit an original 
lamination oblique to the main stratification. This structure 
is called false bedding or cross-bedding. It is generally caused by 
current action, either of w’ind or of water, and in some instances 



Fig. 47. — Delta structure. a6, topsets, 6c, foresets; de, buttomsets or prodelta clays. 

Note relation of water level to the angle between the forcsets and the topsets. 

is produced by wave action. It is found in deltas, torrential 
deposits, sand bars in rivers, marine current deposits, sand reefs, 
and Golian deposits. Ripple-mark, of both wave and current 
origin, is a special case of cross-bedding. The principal kinds 
of cross-bedding are described in the succeeding paragraphs. 

^B. Delta Structure. — In a delta that has been built under 

ideal conditions in a standing body of water there are three 
series of beds, namely, topset, foreset, and bottomset beds (Fig. 
47). The topsets have a primary dip equal to the angle of slope of 
the subaerial surface of the delta upon which they were laid down 
by an aggrading stream. The foresets consist of materials 
dumped over the front of the delta into the lake and hence their 
primary dip is the angle of repose of the materials under water 
(20® to 35®). The younger foresets of large deltas have lower 
primary dips than the older ones.^ The boUomsets are nearly 

^ Bibliog., Grabaxj, A., p. 702. • 
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horizontal for they are formed of fine mud« or silts that float 
out and gradually come to rest on the floor of the lake. They 
are often termed prodelta clays. 

The foreset group nuHits the topsets in an angle or in an abrupt 
curve and it merges with the bottornsets in a broader curve 
(Fig. 48). Variations in load, course, or velocity ma^y cause 
the aggrading stream temporarily to degrade its channel and so 
produce local unconformity between the topsets and the foresets; 
but erosion of this kind can never o(^cur between the foreset^ 
and bottornsets. (How might contemporaneous erosion occur 


between the foresets and bottornsets?) 

The upper ends of the foresets of 
deltas formed in large bodies of water 
are often broadly eroded if the action 
of tides or waves is strong. Whether 
or not a subaqueous plain of denuda- 
tion can be maintained on the growing 
delta depends upon the comparative 
efficiency of river and waves. If the 
river is the stronger, the delta will 
t^ncroach upon the water; but if the 
waves arc stronger, they may cany 
away and spread the delta deposits 



Mection through thf depoKiiii of 
a delta, o, topneta; 6, foreaeta; 
c, bottonieete or prodelta claya. 


below water level. 


Provided there has been no erosion of the foresets, the junc- 


tion between any foreset and the immediately overlying topsei 
bed is a little below the water level at the time that foreset 


bed was deposited (Fig. 47). This is because the stream 
can maintain its current for a short distance out from shore. 


(Explain.) 

Uplift and depression of the sea floor may have significant 
effects upon marine deltas. Slow subsidence (normal condition) 
results in great depth and volume of topsets (Pig. 49), while 
small uplifts favor great volumes of foresets and tend to shift 
seaward .the zone of . terrestrial sedimentation.' 

‘ Bibfiog., Bahbbli-, J., 1912, pp. 400, 401. 
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C. Compound Foreset Bedding in Deltas. — The so-called 

normal delta structure is represented in radial vertical sections 
as in Fig. 47. If a vortical section were cut concentric with the 


UAtertevttl AMbsidtnea. 




r . - . .^Porrion cf della built 

^^v^during s^AHofiArj iimter level. 


/✓// ✓//v jy^y r //> /yy ^y^ y/Z^^^yy/yy^y 

Fiu. 49. — Ideal occtioii of a delta built out into quiet water while subsideuce just balanced 
deposition. The shore line remained stationary. (After J. Barrell.) 


front edge of a delta, t.c., parallel to the strike of the foresets, no 
cross-bedding would be seen. All other vertical sections would 
expose foresets with an inclination less than their true dip. 
In the construction of a lobate delta (260), adjacent lobeil inter- 



Fia. 50. — Compound foreset bedding. Note that each set of lamine is truneated by the 
next overlying sot. The section is about 4 ft. long. 

fere in such a way as to cause the building of foresets dipping 
now in one direction and now in another. > By changes in the 
stream, such as decrease in load, increase in volume of water, or 
* Bibliog., Smith, A. L., p. 437. • 
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shift in coun^e, or by fluctuation of the lake <»i* niariiu^ water level, 
foresets recently deposited may have tbeir upper (nids truncated 
and may then be overlain by new beds of similar nature dipping 
in the same or in a different direction. Compound foreset bedding 
produced in one or another of these ways is abundantly exempli- 
fied in glacial sand plains (Fig. 50). A special variety^ called 
backset bedding, has been described by W. M. Davis. ^ 

D. Torrential Cross-bedding. — In torrential deposits fine, 

horizontally laminated strata alternate with uniformly cross- 
bedded strata composed of coars(?r materials. The cross- 
laminae meet the horizontal beds at an acute angle both above 



I'm. 61. — Torrential crOBM>beclding. 


and below (Fig. 51). This type of Iwidding is believed to originate 
under desert conditions of concentrated rainfall, abundant wind 
action, and playa lake deposition. The cross-bedded layers are 
built forward by temporary streams where they debouch upon 
the playa lake, and the horizontal layers are maUirials which 
settle from suspension from the playa lake waters after the feed- 
ing stream has withered away. 

£. Other Types of Foreset Bedding in Water-laid 

Deposits. — Sand lenses, such as those to be described in Art. 
86 , frequently exhibit a uniform cros.s-lx!dding of the foroset 
variety. In the building of a river sand bar, the materials are 
carried over the bar and ard dumped on its front or downstream 
slope. Filling of hollows and deserted chaimcls may proceed as in 
the construction of a normal delta, the sand being laid down in 

‘ BtUiog., Davis, W. M., 1890. 
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HUcccHsive fomset beds. These may be seen in sec^tions of 
deposit. 

Spits are built by the action of longshore currents. Sand is 
dumped over the growing end of the spit and there it slides 
down and assumes the angle of repose. The resulting bedding 
is therefore of the foreset type. 

Under certain circumstances minor foreset bedding is produced 
by currents on the floors of lakes and seas, but it is not charac- 
teristic of deposits there accumulated. Yat it has been* found 
even in marine limestones. Cross-bedding of this origin is rarely 
seen in unconsolidated sediments. 

F. Wave-built Cross-bedding. — Lake beaches and marine 

beaches are built, largely by the work of waves. Sand or gravel 
is thrown up layer upon layer and the beach thus grows toward 
the water. Since the slope and profile of a beach depend chiefly 
upon the strength of the waves, and since the stratification and 
surface of a growing beach are parallel, it follows that variations 
in wave efficiency may produce slight variations in the stiucture 
of the deposit . . . ^‘The beach strata are (jonsiderably inclined 
and “each laycjr or group of layers is apt to be intersected by 
other layers lying at different angles.”^ 

This beach structure is not of the same origin as foreset bed- 
ding. The angles of inclination of the laminsD are less than the 
ordinary angles of repose. Also, the angles between adjacent 
groups of laminae are usually only a very few degrees. Wave- 
built cross-bedding is not often visible in unconsolidated mate- 
rials. It occurs chiefly on the outer parts of sand reefs. In 
gravel it is obscure and the arrangement of pebbles may suggest 
pell-mell structure. In sections of lake beaches it is to be dis- 
tinguished from the steeper, less regular structure produced by 
the shove of ice.^ The portions of sand reefs above the reach of 
the waves are of eolian origin and the inner margins are built 
by the dropping of wind-blown sand into the neighboring lagoon 
(28S). 

^ Bibliog., Shalsr, N. S., 1895, p. 165. 

* Sec Bibliog., Fennemak, N. M., p. 31. 
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G. Eolian Cross-bedding. — Cross-bedding of wind con- 
struction is marked by its extreme irregularity (Fig. 62). This 
is due to the variability of direction of winds and the frequent 
alternation of scouring and deposition. The. oros.s-laminie of a 
growing sand dune are of two .sets: (1) the foresets which art! 



Fig. 52 , — Eolian crosa-bedrlitig. 


built on the lee slope and dip at the angle of repose of dry sand 
(about 30®); and (2) the topsets (or backsets) which are formed 
on the windwai'd surface of the dune and have an average dip of 
5® or 10° against the wind. (How docs this differ from the top- 
sets of deltas? What happens to the wind-blown materials 


b 



Flo. .'>3. — Section of a dune, Hhovring ioptiet or backset bedding, ab, and foreaet bedding, 
be. The cront, b, has advanced a little in the direction of the wind (sec arrow), but the dune 
as a whole has not migrated. 

corresponding to the bottomsets of deltas?) The topsets are 
rarely permanent and may be very thin or absent if the dune is 
migrating rapidly (Figs. 53, 54). The dip of the foresets 
decreases down the slope so that these layers curve with their 
concave sides uppermost. As the dune moves forward, a part of 
the lower portion of the foresets may he left behind and upon 
these truncated foresets a new dune may advance from the satne 
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or a new direction. By a repetition of this process the sand 
deposit comes to have a highly complex structure. Care should 
be taken to discriminate eolian cross-bedding from compound 
delta structure and from wave-built cross-bedding. 


a b 



h'lo. r)4. — Ooas Bcction of a dune, showing foreset bedding. The dune has migraiod 
from a to b by the blowing of sand from the windward side (see arrow) to the lee side. Con- 
trast this figure and Fig. 5.3 with reference to the quantity of sand supplied. 

H. Ripple-mark.^ — The ripple marks seen in sections of 

deposits are more commonly of the current-formed species. 
Since each one of these ripple marks is a miniature dune, we may 
speak of the laminae which dip against the current as topsets 
(Fig. 24, he) and those that dip with the current as foresets 
(Fig. 24, ah). Topsets are laid down provided deposition is 


f 

d 


b 


Fio. 55. — ^Ripple-mark in section. Below a5 and above ef the migration of the ripple 
systems was not so rapid as to prevent the deposition of topsets. Between o6 and od the 
ripple marks moved forward just last enough to prevent topset deposition, but not fast 
enough for erosion of the foresets. Between cd and nf migration of the ripple marks was so 
rapid that the foresets suffered some erosion of their upper ends. 

sufficiently rapid during the' process of ripple-making (Fig. 55); 
but if the strength of the current increases beyond a cei'tain limit, 
which is variable according to several factors, migration of the 
ripple system is too rapid, and erosion instead of deposition will 

^ *'Bippte mark,” in this book, is written unhyphenated to signify a single 
lidge of that name. The plural is ”ripple marks.” The hyphenated term, 
is here for the structure which is seen In a cross section 
ijef a group of ripple marks. 
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occur on iho back slope of each ripple (Fig. 55). Change in 
direction of current may cause the superposition of rippled 
laminse in which the forcsets are inclined in different directions. 
Variations in the speed of the current may bring about super- 
position of sets of ripples with different spacings between the 
crests. 

1. Comparison of Types of Cross-bedding— From what 

has been said, clearly it is not always possible to tell at a glance 
whether a cross-bedded deposit is of wind or water origin. In 
most cases its accumulation must have been associated with 
current action, but sometimes the structure is the work of waves. 
The foreset type of cross-bedding is the commonest. In deltas 
it is usually of relatively large dimensions and is associated with 
topset and bottomset bedding. Torrential stratification is very 
regular and consists of alternate horizontal and cross-laminated 
beds. Compound delta structure (foreset and backset) much 
resembles eolian cross-bedding, but it is more regular, the sand 
is not wind-worn, and there are often gravel layers interbedded. 
The form of the unconsolidated deposit as a whole is that of a 
delta or a sand plain and not of a dune. In beach structure the 
laminae are inclined to one another at very low angles and there 
is not so much irregularity as in dunes and in compound foreset 
bedding. Ripple-mark is on a smaller scale. Sand reefs are not 
very permanent. They are ultimately thrown on shore and then 
become eolian deposits. Beach structure is really true bedding 
with a rather steep primary dip. Bars may be more or less pre- 
served. If they shift they may show some local unconformity. 
They are truly crass-bedded. Wind cross-beds are usually on a 
larger scale than water-made ones. The bedding of sand bars 
may perhaps resemble that of sand dunes. For the discrimina- 
tion of eolian and aqueous deposits, it is worth wliile remembering 
the characteristic distribution of the coarser and finer sand grains 
on ripple marks ( 65 ). 

86. Lenses. — Gravel deposits sometimes contain isolated, 
roughly lenticular b^s of sand, which thin out and terminate 
laterally (Fig. 56). These lenses may be the fillings of original 
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hollowK or chan lids in the Rravels or they may bo buried sand 
bars. They may exhibit a uniform (a'osK-bedding of the foreset 
variety. There is often local unconformity between the lens 
and the overlying gravel. (Why?) 



Fig. 50. — Section of a lens of cross-bedded sand in gravel. The sand was deposited by a 
current flowing from left to right. The upper surfatte of the sand is a surface of local 
unconformity. 


The opposite relation may be seen, in which sand contains 
gravel lenses, but in this case the local unconformity, if present, 
is between the lens and the underlying sand (Fig. 57). The 
gravel occupies a channel scoured out and then filled by a current 



Fio. 57. — Section of a lens of gravel in sand. The lower surface of the gravel is a surface of 

local unconformity. 

of water. Other like associations may be found, e.g., sand lenses 
in clay. It should be understood that in order that a channel 
filling may be of lenticular shape in cross section, the section must 
be more or less across the trend of the channel. 

Very long sand lenses (e.gf., a few hundred feet wide, a few score 
feet ^hiok, and several thousand feet to several miles long) are 
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called shoestring sands, when they are found buried in mud 
deposits or in shale formations. They may be the fillings of old 
stream channels, or they may be old buried offshore bars (283). 
In the former case, the cross section of the sand deposit will hav(^ 
its greatest width at the top and will ha\'e a base convex down- 
ward; in the latter case, the cross section will b(' widest at ihv 
Imse and will have a relatively flat base and a lop convex upward. ’ 

86. Uniform Lamination. — Very fine and ovon lamination, 
free from cross-bedding and ripple-mark is often a sign of deposi- 
tion under quiet conditions, yet under (‘onditions wiiich per- 
mitted sorting. This kind of bedding is especially characteristic 
of some muds and clays which settle gradually to the bottom of 
(luiet water bodies after having been carricid thither by surface 
currents or by wind. 

87. Transverse Textural Variation within Single Beds and 
Laminae. — It is not uncommon to find that individual beds, 
which have been transported by wind or by wat-(U’ currents, 
grade from coarser below to finer above, and that there is a 
rather sharp transition bc^tween the fine part of any bi^d to th(j 
coarse lower portion of the next overlying bed. This is b(?causc‘ 
the velocity (or volume) and therefore the carrying strength of a 
current generally increase much more rapidly than th(\v decrease*. 
The increase may be so sudden as to cause some local erosion 
(81). 

The same kinds of variation, from coarse below to fine abov(‘, 
may be seen in thin uniform laminse of quiet water deposition 
and likewise in volcanic ash and tuff formations. With roferenccj 
to lamina^ deposited in water, whether wind or water current was 
the transporting agent, after each accession of dust, mud, or silt, 
the larger grains dropped down before the smaller oih*s. 7''he 
next time the water became turbid, large grains settled upon the 
finest particles of the layer last deposited (Fig. 58), This is 
characteristic of fine .sediments (silts and clays) transported from 
melting snow and ice deposited in quiet water. The laminsB are 
then called mrvs (see Art. 104). 

* See Bibliog., Bass, N. W., 1934. 
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88. Stratigraphic Interval Defined. — The distance, measured 
perpendicular to the bedding, between the corresponding parts 
of any two strata in a sedimentary formation is called the strati- 
graphic interval^ or simply the interval^ between these two beds. 
In Fig. 59, ab and cd are the stratigraphic interval between the 
top surfaces of the limestone beds at two 
localities, K and M, where the strata are 
horizontal and inclined, respectively. 

89. Variations in Stratigraphic Interval. — 
The interval between any two beds in a 
sedimentary formation is seldom constant for 
any great distance. In other words, the strata 
thicken or thin in various directions. Ordinar- 
ily, on a large scale, shallow-walker beds (sand- 
stones) arc likely to thin, and deep-water beds 
arc likely to thicken, away from the shore line. Furthermore, 
an extensive formation, such as may have accumulated in a large 
lake or sea, is likely to become thinner as a whole toward th(i 
region of deep water. 

90. Pinching or Lensing of Strata. — We have already 
described, in Art. 86, a minor variety of lens. A somewhat 



l'’ia. 58. — Section of 
fine laminated aaiid- 
Hione, illuntratinfi; the 
gradation in texture in 
individual laininse. 



Fig. 59. — Crosa aection to illustrate stratigraphic interval. 


similar condition may occur on a larger scale. If a stratum con- 
tinues to thin out in a certain direction, as suggested in Art. 89, it 
mAy finally ‘‘pinch out'' or “lens out" altogether. The beds 
above and below it will then become contiguous (Fig. 90). This 
condition is not uncommon, especially in the individual sand- 
stone beds of formations consisting chiefly of shale and sandstone 
strata. It is sometimes the explanation of the absence; in one 
locality, of a stratum which is present in another locality in the 
jiatne region. It may be very important in its effect itpon the 
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movements and distribution of water, oil, or gas, within the beds. 
Thus, the up-dip pinching of an oil-bearing sandstone may cause 
the accumulation of the oil near the termination of the bed, on 
homoclinal dip (166) or on the flank of a fold (Fig. 61). This 
kind of lensing should not be confused with up-dip termination of 
strata, due cither to overlap (78) or to truncation by unconform- 
ity (page 68). 



Fig. 60. — Cross st^ction illustrating the lensiug or pinching of hods. 

91. Lateral Variations in Texture, Porosity» and Permeability. 

Not only do strata commonly vary in thickness from place to 
place, but also they are apt to vary in texture, porosity, and 
permeability, laterally, along the bedding. A sandstone layer, for 
instance, may gradually grow more and more fine-grained until, 
perhaps, it may blend into shale; or the interstices bctw’een its 
grains may be filled by more and more original fine clayey matc- 



Fig. 61. — CroM flection of an anticline nhowing an example of the accumulation of oil and 
(black, ah) where a flandstoiie bed, abc, pincheH out up the dip (at a). The lower portion^ 
bCj contains water. 

rial; or its pore space may contain an increasing amount of 
cement. Limestones, also, may vary considerably in porosity 
(68-71). These variations in texture, porosity, and permea- 
bility, together with the pinching or lensing of beds (90), are 
frequently called sand condition. 

92. or Cycles in Stratification. — In many sedimen- 

taiy formations a more or less orderly repetition of a sequence of 
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bedn or lamiiiie occurs, suggesting a cycle or repeated recurrence 
of certain conditions during deposition, such as might be caused 
by weather, season, climate, sea level, etc. For example there 
may be an alternation between shales and limestones, or between 
coarser and finer elastics (Figs. 39, 58). The varvs in clay and 
silt, deposits derived from the melting glaciers are an example of 
small-scale rhythm in stratification (87, 102). 

Particles and Fragments in Clastic Deposits 

93. Isolated Pebbles and Bowlders. — I'he presence of large 
isolated bowlders in relatively fine graveds or sands of shallow 
water deposition is not very difficult to explain. Such bowlders 
ar(‘ characteristic of some alluvial cone deposits, and they may 
be foinid in beach accumulations. They are common in eskers 
and kames where they have fallen from the adjacent ice walls, 
now long ago vanished. 

In fine-grained sediments deposited in quiet w^ater, the occur- 
rence of isolated pebbles may be explained by flotation (Fig. 
35). Pebbles floated out by drifting roots of trees or by ice may 
drop here and there into the fine bottom sediments. By their 
weight these pebbles ma.y bend and somewhat compress the soft 
layers below them where they fall. Subsequently, if they are 
buried by coiitinued normal deposition, the overlying laminsB 
will show no bending. After consolidation of the material, the 
layers above these pebbles may be a little bent, but not so much 
as those below (72). 

94. Intraformatioiial Fragments. — Under certain circum- 
stances, when an unlithified surface deposit is exposed to erosion, 
it is sufficiently hard and compact to break into slivers or blocks 
instead of disintegrating into the grains of which it is composed. 
There are tw'o main causes for such superficial hardening — sun- 
baking and freezing of interstitial water. 

1. When muds, clays, or limy materials are dried by exposure 
to the atmosphere, sun cracks develop (68, 82). Under these 
circumstances polygonal fragments between the fissures may 
jieel and become loosened from the underlying beds* and if 
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deposition begins again they may be incorporated in the sedi- 
ments immediately above the original sun-erackcd surface. 
These fragments are said to be intraformationaly and the strain 
containing them are intraformational breccias or conglomerates A 
Usually they are angular and they may look as if th(\v had been 
torn, but they are sometimes rounded by rolling. They al*c com- 
monly seen in association with contemporaneous erosion (Fig. 42). 

Sometimes in semiarid regions the dry, curled ^‘clay-shavings'^ 
are blown away and buried in sand. Then, in the following 
wet season, moisture, percolating through the sand, may soften 
the buried shavings and cause them to flatten out parallel to 



Fia. 02. — Section of till containing angular masaea of unconHolidatcd Hand and clay. 

the bedding. In this form they are culled clay galls. They arc 
regarded as proof of the subaerial origin of the sand or sand- 
stone in which they are found. 

2. In cool climates water-soaked muds, sands, and gravels 
may become cemented by the freezing of their interstitial mois- 
ture and may then be disrupted by glacial erosion. If the broken 
blocks are deposited in till, they are preserved; but if they arc 
handled by water they quickly fall to pieces. Those blocks, also, 
are intraformational provided their erosion was of such a nature 
that it may properly be designated contemporaneous ( 81 ). 
They are angular, with shapes indicative of fracture (Fig. 62). 
In till deposits and occasionally in aqueoglacial wash, they are 
striking features, for when seen they are unconsolidated like the 
matrix J;hat surrounds them. Similar ice-formed blocks have 
1 Bibliog., WAI.COTT, C. D.; Hti>k, J. E. 
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been observed in the lithified state (shale, slate, sandstone, etc.) 
in tillitc (Appendix IV). 

Any intraformational fragments may be warped or bent either 
by the weight of the superincumbent beds or, as in the second 
example, by the force of the eroding ice. 

96. Isolated Masses of Unconsolidated Material in Surface 
Deposits. — The ice-made intraformational blocks just described 

(94) are isolated masses of ^uncon- 
solidated material as long as the 
matrix in which they lie remains 
unconsolidated. Short lenses of 
sand or gravel in till, contorted or 
not, are referred to as “nests’' (Fig. 
63). They are really in situ, hav- 
ing been deposited by water in asso- 
ciation with the ice that formed the 
till. While they may closely resemble the intraformational blocks, 
they seldom have outlines which are suggestive of disruption. 

Till and wash deposits, and indeed any surface deposits of 
sufficient age, may contain entirely disintegrated pebbles and 
bowlders of such rocks as granite, schist, and gneiss. Their 
sharp outline, their rounded or subangular form, and sometimes 
the indications of surface markings of erosive origin, prove that 
these bowlders were fresh and hard when deposited and that 
they have disintegrated since they were buried. Their com- 
position and usually their shape are sufficient to distinguish 
them from the incorporated blocks of sand, clay, or gravel. 

96. Arrangement of Pebbles. — In bedded deposits pebbles 
which are not essentially spherical assume a definite position 
which varies according to several factors. On beaches composed 
of a great quantity of thin platy pebbles and beat^^n by a heavy 
surf, the pebbles often stand nearly vertically, wedged closely 
toge^er, thus presenting the least resistance possible to the force 
of the waves (Fig. 64, A). When such pebbles are relatively few, 
tbey lie flat on the beach. Pebbles of greater thickness, but still 
thinner than wide or long, usually lie more or less flat on the 



Fig. G3. — Section of till containing a 
deformed lens of gravel. 



l)each (Fig. *04, B). In rivnr l)ods whores tlio pebbles li<‘ el(»scly 
parked, and are eomparativciy flat, iliey imbricate or overlap 
downstream, dipping upstream at a moderate angle, and thus 
offering the least resistance to the current (Fig. 64, C). If the 
pebbles are few they lie flat on the bed of the stream. In alluvial 
cones, aqueoglacial deposits, and wind deposits, the pcl)bles and 
bowlders are ordinarily so few that they lie flat on the surface. 
Summarizing, in gravel accumulations where the pebbles are 
• comparatively thin and are abundant they lie so as to pres(‘nt tluj 
least resistance to the force of waves or cur- 
rent; where they are associated with a larg(j 
amount of sand or other fine ddbris they lie 
flat. A conglomerate having its p(i)blos 
arranged transverse to the main bedding (as 
A and C in Fig. 64) is called an ^^edgewis(? 
congloiherate.” In unstratified deposits, the 
fragments are irregularly disposed. We may 
speak of a definite tendency toward paralki 
arrangement of pebbles or sand grains (97) 
or fossils (98) in a sedimentary rock as pre- 
ferred orientation (see also Art. 113).* 

97. Arrangement of Sand Grains. — The 
position of sand grains which are not equi- 
dimensional is of some geologic importance. 

Most of the common minerals occurring in 
sand, namely, quartz, garnet, magnetite, etc., are such as wear with 
nearly equal dimensions ; but mica (muscovite and, less commonly, 
biotite) splits along its perfect cleavage into very thin flakes. In 
sediments which accumulate in very quiet waUir, mica plates settle 
flat with the bedding. They are relatively light and may there- 
fore be separated by sorting so that some laminse may have more 
mica and some less. J. B. Woodworth* has called attention to 
the fact that the flakes may settle on the front (or lee) slopes of 
ripple marks, and that, as a sand deposit is built up, the position 

^'See Bibliog., Knopf, Elbanora B., and Ingbbson, Earl, 1938, p. 292. 

* Bibiidk.f Woodworth, J. B., 1901. 
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i)f tlw^ mica in the laminae may give rise to a structure resembling 
true bedding (Fig. 65). In the same manner mica, if present 
in wind-blown sand, accumulates on the front slopes of dunes, so 
that the foroset bods contain a much larger proportion of this 
mineral than do the t<»pset IxhIs. 



Fi«. G5 . — Apparent bedding, ab, eauaed by the abundance of mica flakes in the foreset 
lamina) of the ripple marks, cd is the true bedding. 

98. Position of Fossils. — The position of a fossil in a stratum 
depends upon the original mode of existence of the organism 
and on the method by which it was interred. Plant remains 
are sometimes exhumed in the attitude in which the* plants 
lived. Ancient trees of the coal period 
have been found, their roots still buried 
in l.he lithified soil and their trunks pro- 
jecting up through successive layers of the 
sediments which buried them (Fig. 66). 
Coal beds sometimes consist of vegetable 
remains in situ. Certain kinds of animal 
fossils (corals, etc.), also, may occur 
attached to their ancient rock supports. 
In such cases it is easy to see that the 
stratum containing the fossil must be 
younger than the stratum which served 
as the foothold for the organism while it lived. 

Free-living, unattached organisms fall flat, and their remains 
are therefore found spread out parallel with the bedding. With 
possible exceptions, this is true for broad leaves, for thin, flat 
shells and tests, for skeletons of fishes, etc. 

The valves of clam shells and other similar concavo-convex 
shells/ while sinking through water, settle with the CQncave side 
and the convex side down (Fig. 67, a). If there is anu motion 



Fio. 06. — Section through 
strata containing the trunks 
of ancient trees. The roots 
are embedded in the original 
soils. This fact and the 
position of the trunks in the 
bedding show that they were 
still standing when buried. 
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ill tho water^ they are soon overtnrned so that thc'ir convex 
surfaces are now iippermosi (Fifr. 07, h). In this Httituih* llu\v 
offer least resistance to cuiTonis, and in this attitude' they an* 
apt to be buried (Fig. 07, c). It is quite common to find shell 
beds, or elastics containing such shells, with a majority of tlu^ 
valves lying convex side uppermost. 


c 


Fiu* 67. — Section Hhowirig pOHition of concavo-convex Hhella in accumulating sand. 



Field Interpretation of Sedimentary Materials 

99. Nature of the Parent Rock.— To det(‘rmine the Original 
character of the rock from which a sedimentary deposit was 
derived is a task which varies widely in its possibilities. If the 
sediment is easily recognized as residual and rests upon its parent 
rock, there is no difficulty. Even if there arc no outcrops of the 
earlier formation, perhaps because it is quit/C buried or because it 
has been entirely eroded away, the problem is still easy provided 
the sediment is a product of disintegration which suffered little 
transportation, for its constituent particles are then merely the 
disarranged grains of the older rock. And in the case of a con- 
glomerate or other psephite, the pebbles tell the story. 

From sedimentary materials which were laid down after they 
underwent long transportation and sorting, or considerable 
decomposition, the facts are harder to ascertain. There is more 
chance for mistake. For instance, a highly micaceous sandstone 
may have been formed from a micaceous igneous rock or from a 
schist or*a gneiss. A sandstone containing a large proportion of 
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^itriicl iiijiv (*oni(! from a garnoiiforous schist or gneiss. 

Somotimt^s llio g(Jologist is helped by noting the (;haract(!r of 
asHoeiatod strata. Thus, mudstones with a high kaolin content 
inferbeddcnl with quartz sands suggest that the parent rock was 
granite or quartz dioritc. (Why?) Further details must be 
left for the student to work out for himself. 

100. Quiet Deposition or Current. — Quiet deposition is indi- 
cated by very uniform lamination or by entire absence of bedding 
in fine rocks of uniform texture (86, 87). In both cases the rock 
is usually a mudstone or a fine-grained sandstone. Deposition 
under the influence of a current is shown by cross-bedding, local 
unconformity, current ripple marks, w^ave marks, rill marks, 
lenses, etc. Wind-laid sandstones and river-laid elastics nearly 
always bear evidence of current action. Lake and marine 
deposits may belong to either class. 

101. Dep& of Water for Lake and Marine Sediments. — Since 
current action in lakes and seas grows less efficient away from 
shore, the coarser materials accumulate for the most part in shal- 
low w^er. In a way, then, texture is indicative of depth of 
water.^ Likewise, the evidences for current action, just cited, 
appertain principally to ohalloAv water deposits. It should be 
remembered, however, that these structures are sometimes made 
far from land by deep water currents. 

Marine limestone has been said to form only in deep water, 
but we know now that the most important essentials for its origin 
are not depth so much as freedom from turbidity. While prob- 
ably many limestones have been built up at depths greater than 
the average depth for the deposition of muds, still, some lime- 
stones may perfectly well have accumulated in relatively shallow 
water, provided the land waste was removed by longshore 
currents. 

102. Directioii of Current. — Supposing that a rock does contain 
current-formed structures, we may desire to know in which direc- 
tion the wind or water was moving, as the case -may be. This is 
s^wn by cross-bedding, current^ ripple-mark, wave marks, rill 
a^rks, and to some extent by the attitude of included fossils. 
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Seaweeds and other aquatic plants, which are attached at the 
base, may be trailed out with the current. If they are buried 
and fossilized in this position, they indicate the direction in which 
the water flowed. Direction of current may be shown by posi- 
tion of the valves of fossil shells where a majority settled on the 
bottom and were buried with the beak, or hinge, side of 'the shell 
pointing against the current. 

103. Strength of Current.— Strong currents can handle heavier 
materials than weak currents. Provided a rock show^s evidence 
of current deposition, its lexture is roughly a measure of the 
efficiency of the agent. In this connection, one should not com- 
pare eolian and aqueous elastics. It is unsafe to deduce too 
definiU^ rules referring to relations between size of grain and 
strength of current. 

104. Climate. — One of the most interesting kinds of infor- 
mation that the geologist is obliged to seek is the nature of the cli- 
mate at the time of deposition of a given rock formation. Some- 
times it is the climate in the area of deposition and sometimes it 
is the climate in the region where the sediments originated, 
but whence they were transported before their accumulation. 
Absence of fossils in marine or lake mudstones may mean that 
the water was unfavorable to life because of an excessive turbid- 
ity, or because of salinity, or because of too low a temperature. 
Coal is of two kinds, one being formed in situ^ the fossil roots 
still passing down into the old soil from which the vegetation 
absorbed part of its nourishment (98), and the other formed from 
vegetable debris which was washed together and buried. Coal 
of the first type accumulated in marshes. It indicates, there- 
fore, a climate which was moist and either warm or cool. 

Muds containing a large percentage of kaolin show that the 
land area whence they came was undergoing decomposition in a 
relatively warm, humid climate. Quartz sands and quartz- 
pebble conglomerates may be looked for as the cojEirser elastics 
associated with such mudstones. On the other hand, mudstones 
• which have a high percentage of soluble mineral components, arc 
evidence*against thorough decomposition and therefore against a 
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warm, moist climate. They are generally derived by severe glacial 
abrasion or by wind scour, so that in the former case they indicate 
a cool climate and in the latter (tase an arid or scmiarid climate. 

The varvs in clays and silts of aqueoglacial origin (87) vary in 
thickness according as the summer (period of melting) was rela- 
tively long or short . A succession of thin varvs would thus point 
to a succession of (tool years, and a succession of thick varvs 
would indicat(i a succtc^ssion of warnKu* years, with short, milder 
winters and long summers. 



08. — Casts of 8alt cryatalN in argillito. About natural siae. (After R. A. Daly.) 

A semiarid climate is also suggested in many cases by mud 
cracks, footprints, clay galls, etc., features which are best pre- 
scr^’cd where there arc long spells of drought interrupted occa- 
sionally by showers, or once a year by a rainy season. Desert 
conditions are indicated by thick eolian sandstones together with 
playa lake and shectflood deposits and intercalated beds of salt, 
gypsum, nitrates, et(*. Crystals of salt or their casts (Fig. 68) 
are considered evidence for aridity during sedimentation. Red 
color used to bo n^garded as proof of a desert climate, but it is 
now knowm to he characteristic of some widespread decomposition , 
products in warn and temperate humid climates (28). Rounded 
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quartz sands of which the grains are coat^ed with red iron oxide 
may be regarded as of desert origin. Arkose and highly feld- 
spathic sandstone may signify a relatively dry climate, either 
warm or cold. Glacial deposits betoken a cool or cold climate 
with an excess of precij)itation in the form of snow. 

106. Physiographic Conditions at Time of Deposition.' — Sedi- 
mentary rocks may give us information on the physiography of 
the ancient regions when* they originat(*d. It has V)een pointed 
out in the pn^c^eding article how they indicate d(\sert conditions. 
One may even go so far as to suggest that th(‘ arid region may 
have been flanked l)y a mountain range on the side from w'hich the 
prevailing winds blew, and that this range caught tin* bulk of the 
rainfall on its windward slope*. 

Peat and coal, when in situ, mean that the area of de!pe)sition 
was flat and poorly draiiuKl. It was ge*n(‘rally near se*a l(‘ve‘l and 
was subjeejt to eKUiasiemal marine inundation. Henice the not 
uncommon interbedding of coal and marine? elastics. 

Products of long and thorenigh de‘e*omposition, such as d(?com- 
position clays, not only point to a moist, temperate or warm 
climate, but also to the fact that the lands whe iv they originated 
were probably of low relief. The?y are suggestive of peneplana- 
tion. Thick fluviatile gravels and sands generally belong to 
piedmont alluvial cone de*pe)sits and, therefoi e, indicate the prox- 
imity of mountainous ce)untry. 

106. Characters of Marine, Littoral, and Continental Deposits. 

Sediments, consolidated or unconsolidated, are divided into three 
great classes, known as marine, littoral, and continental deposits. 
The littoral (litius, the seashore) zone lies between the average? of 
the monthly highest flood tides and lowest ebb tide.s. All 
deposits within this zone are littoraL Deposits beyond the sea- 
ward margin of the littoral belt are marine^ and those beyond its 
landward margin are continental, no matk?r whether the land mass 
is a true continent or only an island. The student may find it of 
advantage to have summarized the chief characters of these 
deposits, in order that their recognition may l>e facilitated. For 
the most part the discriminative features must be sought, not 
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ill fsiuiill iii(livi<luiil oiiUirops, but in Iarg(* slrucluml sections 
obtained through the correlation of many outcrops (see Appen- 
dix VI). 

Marine deposits lack such structures as mud cracks, rain prints, 
<ac., because? they arc never exposed to the atmosphere, but they 
may have ripple marks, and, occasionally, local unconformity. 
Wavf'-made ripple marks originate usually at depths of less than 
100 fathoms. Marine deposits may attain enormous thickness, 
but their lithologic variation is less than in continental forma- 
tions. Their bedding is comparatively uniform. Sand, silt, 
mud, and ooze', and the?ir consolidated derivatives are the common 
members of tlie class. C^lastic mica is a rare constituent. Ex(?ep- 
tionally, pebbles and bowlders may be floated by ice and dropped 
into the finer sediments. Associated cjunglomerates are probabl}^ 
littoral. 

Littoral deposits arc not abundant because, being accumulated 
in a narrow belt, they are never very thick, and because they are 
especially liable to destruction. They have little variation. 
They consist chiefly of sand or sandstone with some conglomerate 
or mudstone associated. Conglomerate beds are seldom more 
than 100 ft. thick and arc generally much less. Being situated 
between the marine and continent^al areas, littoral sediments 
share some of the characters of each of the other two classes. 
In common with continental deposits, they may contain rill 
marks, ripple marks, sun cracks, rain prints, imprints and fossils 
of land organisms, and clastic mica; and, in common with marine 
deposits, they may have brackish and salt water fossils. Sun 
cracks, rain prints, footprints, and other phenomena, preserved 
in mud by virtue of its property of hardening when sun-dried, are 
less apt to be found in littoral than in continental sediments, 
because they are destroyed by the advancing tide before they are 
hard enough for preservation. Wave marks, perhaps, are more 
characteristic of littoral sands than any other feature, yet even 
these are sometimes made on lake shores. 

ConiineiUal deposits constitute the most varied group on 
jaccount of the many diverse methods in which aocumula^on may 
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be brought about. Changes from beds laid by one agent to beds 
laid by another agent are not uncommon. Eolian and glacial 
sediments are particularly characteristic, although th(\v are not 
entirely limited to the continental class. The pn\seiice of numer- 
ous land or fresh-water fossils is a valuable criterion, but their 
absence is of negative value. Clastic mica in a fragmental rock 
is usually indicative of continental sedimentation. As regards 
the different rock types, conglomerates may allain great thick- 
ness, sometimes many hundred feet. Finer elastics may bear 
evidence of ripple-mark, cross-bedding, and local unconformity. 
Pelites may be variegated in color. They may contain sun 
cracks, rain prints, footprints of land animals, etc. Indeed sun 
cracks, formed as they are chiefly on the flats of river flood plains, 
low lake shores, and playas,-are among the most reliable criteria 
for continental deposition. Coal beds in aitu are of even greater 
significance. Limestones are apt to be continental if, like muds, 
they have been sun-cracked. Such limestones are rare and of 
restricted distribution. They may contain brackish-water 
fossils, but not marine ones. 

Marine and lake sediments are typically well stratifitnl, the 
beds being of pretty uniform texture and thickness. Fluviatile 
and glaciofluviatilc deposits arc stratified, but poorly so; their 
strata vary greatly in thickness; there is much textural variation; 
and such features as cross-bedding and local unconformity are 
characteristic. Eolian dust shows little or no bedding, whereas 
wind-blown sand is remarkable for its varied cross-lamination 
and excellent sorting. Deposits laid by ice, or resulting from 
volcanic outbursts, creepage, landslide, or weathering in situ, are 
generally heterogeneous and unstratified. 

The principal and most permanent types of continental deposi- 
tion are the accumulations of large deltas, piedmont slope.<^, 
interior basins in pluvial climates, and deserts. The significant 
characters of these classes of deposit are as follows: 

1. Large Deltas . — Fluviatile muds or pelites, with mud cracks, 
etc. (see Appendix VI); associated soil be^ and swamp deposits; 
seawardT gradation of the continental sedirhents iiit^ littoral 
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and marine materials; intercalated wedges of marine strata, laid 
when the sea flooded the low delta flats, sometimes penetrating 
(’onsiderable distances landward between the continental beds. 

2. Piedmont Slope Deposits . — Fliiviatilc sands and gravels 
with characters siich as are lisi^ed in Appendix VI. 

3. Interior Basins in Pluvial Climates.— Tho deposits may bo 
largely continental or marine according to (a) the depth of the 
basin, (?>) the vigor of peripheral stream erosion, (c) the breadth 
and height of surrounding lands, (d) the proximity of tlie sea, 
and (e) tlie rate of subsidence of the basin floor, assuming 
subsidence to be in progress; if continental, the sediments may 
be fluviatile or lacnistrine. 

4. Deserts . — Lag gravels, eolian saiids, disintegration sands 
and gravels, and interbedded playa muds with associated saline 
precipitates are the common deposits; the sediments are i)artly 
eolian, partly fluviatile, and partly lacustiine; fossils are rare.‘ 

107. Conditions of Unconformity. — The field geologist must 
first of all be able to recognize a regional unconformity and 
then he must be able to interpret its meaning. The criteria 
most useful in determining a regional unconformity are: (1) 
Discordances of bedding at a line of contact; (2) evidence of 
a former weathered or eroded condition of one formation at its 
contact with another; (3) presence of a basal conglomerate or 
of a basal arkose at the line of contact; (4) faults in one body 
of rocks truncated by the beds of another formation (Fig. 
69, A); (5) dikes or other igneous intrusive bodies in one rock 
formation truncated by the other (Fig. 69, A); (6) abundance of 
intrusive bodies (dikes, sills, etc.) of a particular kind in one 
group of rocks and an entire absence of the same in an adjacent 
formation; (7) a distinctly greater amount of folding or of 
metamorphism in one formation than in an adjacent formation; 
(8) discordances of areal distribution of rocks or of structures 
as seen after plotting a geologic map of the region.® 

* For further information on this subject refer to Hibliog., Barrell. ,T., 
1906; anti /6?V/., 192r>. ^ 

» See Bibliog., Van Rise, C. R., 1890, pp. 724-^734, for a discussion of 
these criteria. 
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Fio. 69.— Relations of unconformity. In A, tha straightniw of the line of unconformity 
(ah), together with the fact that thi8 line beveln across various kinds of rocks and structures, 
suggests that it is the section of a buried peneplain. Clearly the dike and the fault are older 
than the beds above ah. In B, oh is a line of disconformity. It is the section of a buried 
land surface that was characterised by mesas and canyons. A basal sandstone is the lower 
bed in the younger formation. In C, two lines of unconformity are shown, o6. and ed. 
How do we know that ab is older than edl What two geologic events occurred in the inters 
val between the deposition of the two sets of strata? In D, oh and ed are lines of uncon* 
form*ty. oh is older than ed, oh is sinuous because it has been folded together with the 
beds imnftdiately overlying it. ed is sinuous because the land surface of which it is a section 
was a valley-and-hill topography. What features in the diagram prove the two foregoing 
atatemente? A basal conglomerate lies in ^e valleys above ed. 
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Unfortunalely there arc many chances for error in the rec- 
ognition of these erlUiria. (1) Discordances of bedding may 
be due to contemporaneous erosion, to cross-bedding on a 
largcj scale, or to faulting (812). Contemporaneous erosion 
might be confused with disconformity, and cross-bedding with 
angular unconformity. Nevertheless, both of these structures 
are usually local and they are not accompanied by the other 
criteria for regional unconformity. (2) The second criterion 
mentioned above is difficult to observe. (3) Autoclastic rocks 
(e.gf., fault breccias, crush conglomerates, etc.) may be mis- 
taken for basal conglomerates. Van Hisc has pointed out the 
following differences:' (a) Autoclastic rocks have derived all 
their material from the adjacent rocks, often both above and 
below, whereas in basal conglomerates, there are apt to be at 
least a few fragments from foreign sources and all the materials 
are derived from the lower formation only. (6) In autoclastic 
rocks the fragments are usually less rounded than in basal 
conglomerates, but this statement is not intended to imply 
riiat the breccia fragments may not be somewhat worn — indeed, 
sometimes notably rounded — by rock movements, nor* that the 
conglomerate pebbles are always w’clJ rounded, (c) The inter- 
stices of the autoclastic are often filled with vein material, 
while in the basal conglomerates the filling is finer detritus. 
Finally, (d) autoclastic zones may be seen to pass here and there 
into the unshattered rock, whereas basal conglomerates grade 
into other finer sediments. Criteria listed under (4) to (8) above 
should be clear and unmistakable before they are accepted as 
satisfactor>\ (6), (7), and (8) might result from extensive 
faulting instead of unconformity (312). In dealing with this 
problem, do not be contented to base conclusions on one fact. 
Search for many lines of evidence and, if all point the same way, 
then the inference is likely to be correct. 

As for the interpretation of regional unconformities, the 
geologist should seek answers to the following questions: (1) 
What was the agent of the first erosion and what was the nature 

;:^;See Bibliog., Van Hiss, C. R., 1896, pp. 680, 681, for a discussion of 
iliilwe criteria. 
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of this erosion? (2) What was the rate of the first erosion? 
(3) What was the nature of the old erosion surface? (4) What 
was the rate of deposition of the basal beds of the younger 
formation? (5) What was the source of these basal Iwds? 
(G) How long a period of time elapsed between the two jH^riods 
of rock formation? (See “time value/’ defined on page 109.) (7) 

What is the range of lost strata (see “hiatus/’ defined on page 
109) as stated in the terminology of the geologic time scale? 
(Appendix I.) (8) What thickness of rocks w^as removed in the 

first erosion? (9) What events are represented in the section? 
These questions can be answered only by studying the nature 
of the surface of uiu^onformity and the characters and mutual 
relations of the two formations. 

Since surfaces of unconformity are surfaces of past; erosion^ 
they should bear just such traces of erosion as would be sought 
on bedrock outcrops of the present day (see Chapter II). The 
trouble is that the evidences are usually concealed beneath 
the overlying formation, although sometimes, it is true, recent 
erosion has exposed portions of the old surface. Ordinarily the 
surface must be studied in cro.s.s section, merely as a line. The 
greater the length of the exposed part of this line, the safer 
will be inferences based upon its examination; but evem if it is not 
continuously exposed, the separate scattered outcrops may Yn'i 
levelled up and correlated so that a fair idea of its character may 
be obtained. 

As explained in Art. 76, a surface (or line) of unconformity 
does hot necessarily accompany unconformable relations. A 
sharp dividing line between two formations which are uncon- 
formable with one another may be due: (1) to strong abrasion in 
the first period of erosion; or (2) to regional decomposition. 
A blended transition from the older formation to the younger 
one, with no sharp line of demarcation, points to deep disin- 
tegration in the first period of erosion. Here the basal sediments 
are disintegration products of the underlying rock. Thus, the 
distinctness of the .line of unconformity helps somewhat toward, 
an understanding of the kind and rate of erosion. 
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Provided the line of unconformity is distinct, its form may 
indicate the nature of the old erosion surface. If the lino 
is straight or gently undulating for a long distance, the surface 
was probably a destructional plain, or, less likely, a bench (266, 
261). Greater irregularity of the line points to a more uneven 
topography. Several possibilities an* depicted in Fig. 69. 

For interpreting the past, the basal i)ortioii of the upper series 
is of more value to the geologist than the actual line of uncon- 
formity. It should be studied with reference to its composition, 
texture, and structure, and as regards the shapes and surface 
f(‘at.ures of its constituent fragments, if it is of me(;hanical 
origin. Information as to the climate at the time of deposition 
and as to the ag(int and rale of this deposition may be obtained 
in the manner described in Art. 104. Conglomerate' and arkose 
frequently appear as the lowermost stratum of the upper series. 
Arkose generally means short and rapid transportation and 
deposition which have bec'ii quickly inaugurated after a period 
of slow, long-enduring disintegration. A basal coriglom(u‘ate, 
always containing abundant pebbles of rociks in the upper part 
of the lower formation, is significant of encroaching deposi- 
tion and of effective abrasion during transportation from the 
source of supply. Sometimes rocks other than conglomerate 
and arkose are basal. Above an ice-scoured surface, tillite is to 
be expected; but if a glacial rock basin (268) were occupied for a 
time by a lake, finely stratified shale, originally lake clay, might 
rest on the grooved and striated surface. Limestone on an old 
erosion surface means: (1) that the initiation of the limestone- 
forming conditions was so quiet that no mechanical sediments 
were made; or (2) that vsuch sediments were carried away to be 
laid down eLsewh(*rc as fast as they were formed. Basal sedi- 
ments, then, need not be deposited by the same agents that eroded 
the subjacent surface of unconformity. There is no better aid to 
the interpretation of former conditions than a broad knowledge of 
present conditions. 

Wi*otig impressions are sometimes formed regarding the source 
basal materials and the direction of their transport. 
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For instance, if a basal conglomeraie composed of granite pebbUss 
\v(^re observed overlying, hi us say, a quartzite, ajid half a mile 
away the granite of the pebbles were found as bedrock below 
the surface of unconformity, one might assume that tlu' pebbles 
were derived and carried from tlu* locality of the granite to the 
site of the conglomerate*. It is to be* remenibe*re*ei, however, 
that these fe*ature?s are* se*en only in a single* plane*, inters(*cting 
the unconformity in a line. The pe*bble's may ha\ e bejen shaptxl 
from this granite*, but the* granite* mass may he* of very great 
extenit and the pe*bble*s may have* be*en l)(n*ne, perhaps many miles, 
from another part e)f the same plutonie* benly, not ne'cessarily 
e^xposed in the geole)gic se*ction, l'rovide*d the rejck was a 
transported deposit, there*, is ne) ne*ce^ssary relation be^tweeMi the* 
trend e)f the seiction and the dire‘ct-ion in whiejh the* materials were^ 
carried. Thenr true se)urco can only be approximated, and eve*n 
then only after extensive investigatiein. 

From the standpoint of stratigraphy it is desirable to know* 
what interval of ge;(dogic time is re'presentc‘d by the unconformity 
and how many geologic feirrnations are missing at the uncon- 
formity. The former is called the time value of the unconformity 
and the latter is th(^ hiatus. Hiatus can easily be deK^rmined if it 
is possible to ascertain the geologic age of the old and the young 
formations at the surface of unconformity (109). Time value 
need not be equivalent to hiatus, for there is no reason for assum- 
ing that erosion was continuous throughout the period of time 
represented by 'the unconformity. Thus, if the two formations 
are Upper Cambrian and Triassic, the Ordovician, Silurian, 
Devonian, Mississippian, and Pennsylvanian, but not the Per- 
mian, may have been deposited and then eroded before Triassic 
deposition commenced, or perhaps only the Ordovician was laid 
down and was worn away during the remaining time from Silurian 
to Triassic. In the first case the time value is represented by 
erosion during the interval from the end of the Pennsylvanian 
to the initiation of the Triassic; whereas, in the second case, the' 
time value is represented by the interval between the end of 
the Orflovician and the beginning of the Triassic; yet, in both 
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iuHtances, the hiatus is the same. Time value is a difficult factor 
to detemiinc. ‘ 

108. Stratigraphic Sequence. — Since strata arc accumulated 
by a process of upbuilding of layer on layer, any bed in uncon- 
solidated sedimcinls is youngei* than those below it and older than 
those above it. This original succession from older below to 
younger above is referred to as stratigraphic sequence. Although 
in most cases it remains normal after the consolidation of sedi- 
ments, it may be reversed by overturning of the beds in severe 
crustal deformation (166). 

109. Age Relations of Sedimentary Materials. — The age of a 

sedimentary deposit or rock, as indeed of any other geologic form 
or structure, may be regarded from three points of view: (1) If 
the deposit (or rock) is correlated with its immediate surround- 
ings, it will be found to be younger than some geologic features 
and older than others. Stated in these terras of comparison, its 
age is called relative. The relative age of any Ixjd within a given 
formation is obtained by determining the stratigraphic sequence. 
(2) Geologists have agreed upon a time scahy that is, a definite 
succession of formations for the whole world, and the divisions 
in this scale have received names (Appendix I). Each division 
is characterized by a certain suite of fossils, which, though show- 
ing a good deal of variation in its species and even in its genera, is 
still sufficiently distinctive to be of use in settling the place of a 
fossiliferous deposit in the succession. The age of a body of 
sediments when referred to this time scale is its geologic age. 
(See last paragraph in Art. 78.) If fossils are absent or scarce in 
the deposit, its geologic age can be obtained only by correlating 
it with other bodies of which the geologic age is already known. 
The geologic ages of all structures and of all rocks other than 
sediments must be found in this indirect way. (3) The actual 
age of a deposit, expressed in years or centuries, can seldom be 
ascertained. Even attempts to compute approximate values are 
likely to be far ofif. 

f For further information on this subject, see Bibliog., Blackweldbr, E.,, 
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Of these three methods of stating the age of sediments, the 
first and second are commonly followed. The second is the more 
definite of the two and is the more difficult, k) establish because 
fossil species must be identified. The third method, being rarely 
essayed, will receive no further comtnonl. in this book, except to 
state here that considerable study has been devoted f,o varvs 
(104) as an index of the duration of interglacial and postglacial 
ages; and of other intervals of geologic time during which varved 
clays are deposited. Also extensive investigations of radioactive 
substances have been in progress with the purpose of measuring 
the length of geologic time. 

Within a given sedimentary series, we may often say that beds 
of essentially the same age are at the same horizon, Horizon^' 
is defined as ^‘any given definite position or interval in the strati- 
graphic column or the scheme of stratigraphic classification.''* 

110* Relative Age of Clastic Dikes and Pipes. — Clastic dikes 
and pipes are clearly younger than their inclosing rock ((country 
rock). If they have originated by filling from above, they arc 
probably associated with some overlying stratum which bears 
unconforraable relations with the country rock, whereforr^ they 
may be very much younger than this country rock; but if they 
were inject^ from below, the difference between their age and 
the age of the country rock may be relatively slight. 

111. Discrimination between Separate Glacial Epochs.^ — In 
regions of Pleistocene and later glaciation evidences have been 
found which prove that the ice advanced more than once, that 
the periods between successive advances were often of consider- 
able length, and that during these interglacial epochs the ice 
front retreated long distances. Some of the more important 
criteria for discriminating between the deposits of successive dec 
advances are briefly outlined below. 

1. If beds of terrestrial origin, containing either plant or animal 
remains, are found between deposits of glacial drift, and if the 

1 Bibliog., A. H. Fay. 

* For a more detailed discussion of this subject sec Bibliog., Balisbcry, 
R. D., 1803. The writer has drawn freely from this source. 
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organic remains are of spcdies known to have existed in a temper- 
ate or warm climate, the evidence is strongly in favor of a long 
period between the laying down of the lower drift sheet and that 
of the upper. The mere prc'sence of fossils is not always sufficient 
evidence, because somcitimes life, especially plant life, flourishes 
near or even upon the ice. But this is more particularly true of 
local mountain glaciers and piedmont glacjiers than of the larger 
ice sheets. 

2. If between two sheets of drift there are found local beds of 
bog iron ore, or marine or lacustrine strata containing the remains 
of plants or animals that lived in temperate or warm water, a 
long interglacial period is indicated. 

3. A weathered glacial deposit overlain by fresh drift with a 
sharp boundary between the two Is another criterion for two 
separate glacial epochs. A red or reddish color in the weathered 
drift points to a warm, moist climate (28). The thickness of the 
zone of this decay roughly indicates the length of time of exposure 
to atmospheric influence. 

4. When bowlders of certain varies ties of rock exhibit a dis- 
tinctly greater degree of weathering in a given moraine or sheet 
of drift as compared with the degree of weathering in bowlders 
of the same rocks in an adjacent moraine or in an overlying drift 
sheet, respectively, the presumption is that the deposits were 
separated by an interglacial (jpoch of some duration. In both 
(3) and (4) care must be taken not to confuse superglacial mate* 
rials of the older glaciation, which decayed while on the surface 
of the ice, with that part of the drift which may have weathered 
after its deposition. 

5. During the retreat of a glacier, streams from the ice are 
usually aggrading (why?); but after the ice front has retreated 
many miles, aggradation may cease and both aqueoglacial and 
till deposits may suffer erosion. Upon a readvance of the ice, 
channels cut into the older drift and even into bedrock beneath 
this drift may be filled up with a new glacial accumulation. 
Buried valleys of this origin are much larger than the gullies cut 
by contemporaneous erosion. 
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6. If, after the disappcaranco of the ice, a later drift sheet does 
not entirely cover an earlier oiu*, the topography of the (*xposed 
part of the older deposit will show a inoT'o advanced stagf' of dis- 
section than that of tlie younger, '’fhis is as truct of the moraines 
of valley glaciers as it is of the deposits laid by continental ice 
sheets. 

Other criteria, eitluM* of less vahu‘ or more difticailt t)f interpre- 
tation, are discussed by Salisbury in the article cit^ed. 

With reference to all the criteria merit ion(»d above, the farther 
north the evidence is found in the <*ase of (*ontinental glaciation 
(in the northern hemisphere), or the higher th(‘ altitude at which 
it is found in the case of mountain glaciation, the more reliable 
will be the deduction foi* two <listinct glacial epochs. To base 
judgment on any one of tluise criteria alone is unsafe. Two or 
more should be sought in the field before drawing final con- 
clusions. On the other hand, if these lines of evidence arc want- 
ing, their absence must not be regarded as absolute proof against 
two glacial epochs. 
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FIELD RELATIONS OF IGNEOUS ROCKS 

Terminology and Classification 

112. General Definitions. — While comparatively few people 
have actually witnessed a volcano in action, yet most of us 
know that a common phenomenon of volcanic eruption is the 
outpouring of lava; and we know further that this lava eventu- 
ally cools and hardens into solid rock. Such lava, in all cases, 
has come up from within the lithosphere, and there are reasons 
for thinking that it may have come up a long way, perhaps many 
miles. Geology teaches us that molten rock does not always 
rise far enough to reach the carth^s surfa6e. Checked in its 
ascent, it may consolidate between walls of older, cooler rocks. 
Any rock which thus forms by consulidation from a molten con- 
dition is called an igneous rock {ignis y fire). Those rocks which 
become solid after ejection upon the earth^s surface, either on 
land or below water, are extrusive, and those which harden 
from molten material injected below the earth’s surface are 
intrusive. Molten rock is usually called magma when it is well 
below the earth’s surface, and lava when it is just below or 
upon the earth’s surface; but ‘‘lava” may also be applied to 
the consolidated extrusive rock. “Lava” is not correctly used 
except with reference to volcanic extrusion. 

All igneous rocks, or certainly a large majority of them, 
are eruptive in the sense that each has probably been derived 
from a magma that had moved or “broken out” from the place 
where it originated as magma, but the word does not necessarily 
imply “breaking out” at the earth’s surface, i.e., it is not syn- 
ipill^ous with “extrusive.” 
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Country rock is a purely rtilative U^rni used for the older 
rock into which magma iias been intruded. It has no significance 
as to the composition or structure of this older rock. Blocks 
of country rock entirely surrounded by igneous material in 
such a way as to indicate that they werci immersed in the magma 
and were then frozen into it, are inclusions or zenoliihs. -‘^Inclu- 



Fio. 70. — ^Textures of igneous rocks. A, even-granuiar texture; B. C, D, porphyritic 
texture. In B the phenocrysts are sharply angular with definite crystal boundaries. In C 
the phenocrysts have rounded corners and enibaynients of the grouiidmass, both features 
being due to resorption. The parallel arrangement of the- phenocrysts in D indicates the 
direction of flow of the originai magma. 

sion” must not be confused with “intrusion.” The original 
bounding surfaces of an igneous body, both before and after 
consolidation, are its contacts. Although this terin is also 
applied to unconformities, faults, etc. ( 14 ), in the present 
chapter it will be strictly limited to the walls of igneous bodies. 
A lava flow has a lower contact that separates it from the bedrock 
and mSntle rock of the old land surface over which it spread, 
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and an upper contact wliich may subsequently be(H)me the basal 
surface of younger sediments or of flows superpos(*d upon it 
without intervening denudation. The contacts of an intrusive 
rock are the surfaces at which it touches its country rock. 

Terms which refer to the grain of igneous rocks, i.c., to its 
size or to its presence or absence, come under th(^ head of texture. 

Some igneous rocks are distinctly 
granular; othcTs, so fine that no 
individual grains are visible, are 
said to be dense; and som(‘ are 
glassy or amorphous. The gran- 
ular varieties arc? even-granular 
(Fig. 70, A) if the grains are of 
approximately uniform size, and 
porphyritic (Fig. 70, B and D) if 
one (or possibly two) *of the 
minerals is conspicuously larger 
than the? othen-s so that the rock 
looks spotted. Such a rock is a 
porphyry The conspicuous 
grains in it arc? phrnocrysts and 
the finer matrix in which they 
are scattered is the groundmass. 
The groundmass may be granu- 
lar, dense, or glassy. If the 
variation in size of the grains of 
an igneous rock is so irregular 
that no distinction can be drawn 
between phenocrysts and a groundmass, and many of the grains 
an? exceptionally large, or if all the grains are very large, the 
texture is pegmatiiic and the rock is pegmatite. In some pegma- 
tites crystals have been found measuring several feet in length. 

Features depending upon the arrangement of the constituents 
within a rock are lithologic structures. In the crystallization of 

} A spotted appearance due merely to differences of color is not porphy- 
texture. * 



Kig. 7t.--Baflio seKrexatioim in a granitk: 
rock. 
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molten rock certain minerals >somctime8 grow in groups, or 
segregations, or clots ui the magma (Fig. 71). When these 
segregations are cxpo.scd they may appear as roundish spots and 
patches, commonly darker than the enclosing rock, and often 


I’la, 72. — Amygdaloidal structure in lava. Quartz (whiu>) was deposited on the walls 
of the original vesicles, and Hubsequeiitly epidoto (lined) tiliod the remaining open spuccH. 
'I'he vesicles in which the amygdales of B were deposited wen* flattened and drawn r>ut hy 
the flowing of the lava. (Natural size.) 


with concentric structure; or they may appear as elongaUi 
streaks without any concentric structure. Layers and elongate 
‘‘bundles” of the minerals composing the body of the rock, but 
in different proportions, and arranged so as to give it a streaky or 



Flo. 73. — ^Pillow Htructure'in lava (Ho natural size). The concentric rows of dota repre* 
sent layers of vesicles. Observe that the lower sides of the “pillows'* are shaped against 
the upper surfaces of the underlying “pillows." 


platy appearance, are called schliers (schlieren). l^avas, when 
fresh, may be full of .small pores or vesicles. They are then said to 
be vesicutar. While the lava was still liquid, these pores were 
bubbles* that contained gas or water vapor. If the ve^cles are 
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Kubsequently filled with minerals that are deposited from solution 
in water or gas, the fillings are called amygdales and the structure 
is called amygdaUyidal (Fig. 72). Pillow sirveiure is formed in 
mobile lavas under special conditions of viscosity, temperature, 
and pressure. It makes the surface of a lava flow hummocky. 
In cross section it is seen to consist of roundish bunches or “pil- 
lows” of the lava, piled irregularly upon one another (Fig. 73), 
with the spaces between the pillows filled with volcaryc ash, 
clastic sediments, limestone, vein deposits, or other minerals. ‘ 



Fia. 74. — ^Flow atnicture in lava (H natural sise). 


113. Flow Structure. — All igneous rocks must be regarded as 
having flowed into place. Those parts of the magma (or lava) 
that were adjacent to the original contacts cooled sooner and 
therefore reached stages of relatively high viscosity and, finally, 
of consolidation, before parts farther inside the igneous body. 
Where crystallization occurred, some minerals crystallized out 
of the molten mass before others. These crystals, if elongate or 
platy in form, had a tendency to turn into parallel position as 
they were carried along, their long axes being brought into align- 
ment with the direction of flow. Similarly, groups of crystals 
(schliers, segregations), elongate or platy foreign inclusions 

(xenoliths), and layers differing somewhat in composition or 

« 

an excellent paper on this subject, see Bibliog., Lbwis, J. V. 
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texture (Fig. 74), may have Imh-oiim* orientated parallel to the 
direction of maximum flow. In lava.s, gas hubbies may be pull^ 
out or flattened (Fig. 72, B). All these parallel features in 
igneous rocks, due to the effects of flow, are called primary 
flow structures. They are primary because' they developed during 
the time of origin of the enclosing rock. 

Two definite kinds of flow structure are recognized. One 
is linear, and the other is platy. In the former we speak of flow 



MiSTKiSS «-b.- «o. w«i . - 

the author and the Geological Society of America. 


lines; in the latter, of flow layers. Figures 75 and 76 illustrate 
these features. An igneous rock may possess either oto or 
the other of these lithologic structures, or both combined. They 
may be very distinct, particularly near contacts, or they may 
be very obscure; but even in the massive granitic rocks, as 
has been pointed out by Balk,^ careful search may reveal a faint 

tendency toward flow structure. 

Where, during the origin of a rock, there have been forces that 
induced the constituent grains or crystals to assume a more or less 


t Bihliog., BAI.K, Rqbmt, 1937. This w a fuU presentation of the 
subject df flow struoturSs and fracture structures in igneous nnsks. 
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parallel position, we say that, these f^rains or eiysials have 
jrrfif erred orienUiHon, In (he ease* of an if?ru*ous roek, the forces 
causing im^hurecl orientation were r('lat<*d to flowago, and reisist- 
ance to flowagcj, of the magma (or lava). It is important to 



C D 


Fig. 70. — Platy paralleliam. Hire, in coniraHt to 75, the phenocryata, mineral 
Htreaka, and xenoliths are arraiieed in parallel layers, but parallel flow lines are also present 
in the layers. In A. the flow layers are horisontal, and the flow lines trend NE.-SW. In B, 
both the flow' layers and the flow lines are vertieal. In O, the flow lines are horizontal, and 
the flow layera are vertical. In D, the flow layers are vertical, but the flow lines are inclined 
at an angle of 45®. (See caption for Fig. 75 foi source.) 

note that preferred orientation may be exhibited not only by the 
shape of elongate or flattish grains (dimensional orientation) but 
also by the arrangement of crystal axes (crystallographic orienta- 
tion), as observed under the petrographic microscope.^ 

‘See Bibliog., Knopf, E. B„ and Inobrson, E., 1938. * 
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114. Pyroclastic Rocks. — Another group of rocks should be 
ineiitionod here, because, although th(»y are like normal clastic 
roe.ks in their manner of consolidation (by pressure, cementation, 
(»tc.), they ar(‘ igneous in their ultimate origin. These are th(^ 
so-callcHi pyi'oclastirs (‘‘fire-broken ”). When unconsolidated, 
they consist of volcanic dust, volcanic ash, lapilli, bom'bs, and 
broken pieces, lai'g(^ and small, of older rocks that w(‘r(^ shat tered 
by the force of eruption. These mal(»rials are also called 
ejectamenta. Dust, ash, lapilli, and bombs ai e gcuierally particles 
or lumps of lava which were thrown up into the air in a molUiii 
condition, but which partly or completely hardeiu^d before they 
fell. Consolidated masses of dust, ash, and lapilli are known 
as tuffj and coarser pyroclastic d6bris, if coiisolidatc^d, is agglom- 
crate (223). Agglomerate has a tufaceous matrix just as con- 
glomerate has a .sandy matrix. 

116. Contact Zones. — By virtue of their great hc^at and other 
properties, magma and lava may induce changes in the cdiarac- 
ters of the older rocks in contact with them, and (jonversely, 
these older rocks may directly influence the molten material 
while it cools. Effects of the fii*st kind come iindor the head of 
exomorphism (cfo), outside, + form), and those of the scjcond 

kind come under the head of endomorphism. (evSov, within, + 
form). Exomorphism and endomorphism arc embraced 
in the term, contact metamorphism {ptrky beyond, over, -f- pop^dii 
form). These changes arc usually most marked at the con- 
tact and die out away from it. The zone in which they are 
conspicuous may be termed the contact^ metamorphic zone, or 
briefly the contact zone, for each rock. If, as sometimes happens, 
the igneous rock blends into the country rock by a gradual change 
in character (121), there is no true surface of contact; there is, 
rather, a mutual corUaci zone. Except for purposes of discrimina- 
tion, this may still be called a contact (122 to 136). 

116. Classification of Eruptive Bodies. — Geologists speak of 
the mode of occurrence of an igneous rock, meaning by tliat the 
general form and size of the eruptive body and its relations to 
adjaceiit. rocks. Extensive investigations the world over have 
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shown that intrusive masses are of two main varieties. Many 
were erupted between roek walls so tliat, at the time of their 
emplacement, they had older rock above and below them, and 
those which were vertical had side walls that corresponded 
to such upper and lower contacts; that is, the chambers occupied 
by these bodies seem to have had relatively small openings by 



Fio. 77. —Sills of porphyry (black) in the Carboniferous formation of the Tenmile District, 
Colorado, (Tenmile District Special Folio, No. 48, U. S. G. S., 1808.) 

which the magma gained admission. On the other hand, there 
are certain intrusive forms (batholiths, stocks, bosses) * which, 
as far as observations demonstrate, enlarge downward and 
have no bottom contacts. No one has ever discovered a base 
for such bodies; only their upper or roof contacts and their side 
walls have been found. Accordingly, Daly^ has proposed a divi- 
sion of intrusive forms into injected^ those of the first type, and 


0 b c 



Fig. 78. — Section showing three laccoliths. The feeder of o is not in the section. The 
Uiagma followed a fault in rising to h, e is an interforrnational laccolith. Note that the 
strata are arched upward above each of the laccoliths. 


subjacent, those which enlarge downward and have no demon- 
strable basal contact. Igneous bodies which were intruded 
into sedimentary country rocks are concordant if the magma was 
injected along the bedding planes, and discordant (or iransgressioe) 
if the magma was intruded across the bedding planes. 

A siU is a layer of igneous material which has been injected 
between and along the beds of a sedimentary series (Files. 77. 

* Bibliog., l>ALr, R. A., Chapter V. 
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79, 80). It is Kilatively thin as compared with its lateral extent. 
Theoretically it tapers out at the edges, but this feature is 
seldom visible in a given sill. An interformational sheet is 
identical with a sill except that it has been intruded along a 



Vio. 79. — Section of a sill from which short apophyses extend into the country rock both 

above and below. 

surface of unconformity. It is always essentially paralh*! to the 
younger, overlying formation. A laccolith is like a sill except 
that the ratio between its thickness and its width is much greater 
than in the sill. Its roof is distinctly arched (Fig. 78). When a 
laccolith has been intruded along an unconformity it is said 


A 


B 


rto. so.— Intnuive bodi«» In rtrntified rock*, o i* » neck in both A *iid B. b »», dike In 
A and • aUl in B. c i* a rill in A and a dike in B. 

to be interformatumcA (Fig. 78). Sills, sheets, and laccoliths, 
although they are always concordant in their major relations, 
may break across the bedding locally (Fig. 79). 

The term dike is used in this book for any sheet of igneous 
materiiU not concordant With bedding (Fig. 80). Its contacts 
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need not be exactly parallel, i.e., a dike may thin out or it may 
alternately pinch and Hwell along its length (143). An apophysis 



I‘’io. 81. — Section of a choiiolith which was injected part paam with faulting of the country 
rock. Intruaion wan easentially passive. * 

is a dike which extends out from a larger magmatic body and 
obviously tapers to a point (as seen in section) (Figs. 79, 83). 
A neck is a roughly cylindrical intrusive mass with one long and 



Fxo, 82. — Section <rf a chonolith which was intruded along a fault and which, in its injection, 
squeeiied and contorted the country rock by the hydroetatic pressure of the magma. 

two ^ort dimensions. Its axis is usually vertical or steeply 
Snfdthed (Fig. 80). A chonoli^ is an injection irregular in that 
itas characters are not those of a true dike, sill, sheet, laccolith, 
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or neck, bui, unlike the subjacent bodies, it has a floor (Figs. 
81, 82). 

A baihoUth is a large, irregular intnisive mass of igneou.s 
material which shows no evidence of haA'ing a base (Fig. 83). 
It is discordant in its relations to invaded strata. While its 
roof is roughly dome-shaped, there aie often downward -projec- 
tions of the superjacent country rock wliich are called roof 
pendants (Fig. 83, p). Upward projections of the batholith 
•are kndwn as cupolas (Fig. 83, c). The side walls of batholiths 



Fio. 83. — Block diagram of part of a batholith (white) and itn schiNtone ttouiiiry rock, 
c, cupolas; p, roof pendantn. Several inrluwona of the countr.v rock have been froseii in 
near the contact. 


appear to be steeply and outwardly inclined. A stock is a small 
batholith. A boss is a^stock with a nearly circular ground 
plan. Stocks and bosses are sometimes eupohis of concealed 
batholiths. 

As regards extrusion, it has been .'suggested that, perhaps some- 
times in the past, magma may have reached the earthen Kurfa(*ci 
b^^ the foundering of part of the roof of a batholith (Fig. 84). 
This Daly calls extrusion by de-roofing The two commonest 
methods, however, are by outflow from fissures and from tubular 
openings or pipes. These are knowm as fissure eruptions and 
central eruptions^ respectively. When extrusion has ceased and 
the lava has become clogged in the conduit, the fissure type of 


1 Daly, R. A., p. 121. 




126 


FIELD CfEOKXSY 


filling is a dike or a sill, according to its relations, and the pipe 
filling is a volcanic neck, A flow is a sheet of lava. A volcanic 



J'lG. 84. — Ideal section illuRtratiiiR the hypothesis that the rhyolite and the thermal phe- 
iiuinoiia of the Ytjllowstone Park are directly related to the foundering of part of the roof of 
a late-Tertiary hatholith. (After R. A. Daly.) 


com is a conical, often 8ymmetri(;al hill of volcanic material, 
either entirely ash or cinders, entirely lava, or partly lava and 



Pid. 8^, — Ideal section of a voloanio oone tiiat has been built up on older rock (vertical 
ruling). The cone consists of pyroclastic material intersected by dikes of lava (blMk) 
which branch from the central neck. Along the course of each dike the lava rose until it 
broke out on the side of the cone, down which it flowed. The dike on the left is older than 
that on the right. (Why?) Bedding in the fragmental material has the characteristic 
angle of repose. 

t 

partly pyroclastic debris (Fig. 85). In any case it is apt to be 
intersected by dikes of lava. 

The several modes of occurrence above defined may be classified 
as follows:^ 


* Daly, with some omissions and modifications. Other less common 
are described by Daly; A. W. Grabau, A Comprehensive Geology”; 
other authors of geological treatises. * 
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A. Intrusive inodes. 

1. Injected masses. 

а. Concordant injections (intruded alonf; bedding planes; occur only 
in stratified rocks). Sills, interformational sheets, laccoliths. 

б. Discordant injections (intruded across the bedding planes if in 
stratified rocks). Dikes, apophyses, necks, chonoliths. 

2. Subjacent masses. 

a. Batholiths, stocks, bosses. 

B. Extrusive modes. 

. 1. Fissure eruptions. 

2. P^xtrusion by de-roofing. 

3. Central eruptions. 

Attendant phenomena: necks, flows, cones, etc. 

117. Size of Eruptive Bodies. — Sills and iiitorforniaiionul 
sheets may range in thickness from a fraction of a millimeter to 
over 1,000 ft., and in lateral extent from a few millimeters to many 
miles. 'Laccoliths vary in thickness from a fraction of an inch 
to several miles; they are commonly thi(?ker than sills. They 
may be over 100 miles in length and nearly as wide, although 
they are usually smaller. Dikes may be from lass than 1 ram. 
to over a mile in thickness, and they may be traced a few milli- 
meters or as much as 25, 50, or even 100 miles. Chonoliths have 
dimensions similar to those of laccoliths. With regard to area of 
outcrop, stocks and bosses arc arbitrarily taken as less, and 
batholiths as more, than 40 square miles. A batholith may be 
exposed o^'er thousands of square railed. Individual flows are 
generally several feet thick and they may be over 100 ft. thick. 
If successive flows have been poured out one upon another, the 
total thickness may amount to many hundreds of feet. Vol- 
canic necks may be from 10 ft. to a mile in diameter, but arc 
seldom as much as 1,000 ft. 

Nature and Consolidation of Molten Rock 

118. Nature of Molten Rock.— Magma may be regarded as a 
hot solution of certain volatile and nonvolatile substances. 
The nonvolatile ones include silica (SiOs) and the oxides of Al, 
Fe, Mg? Ca, Na, and K, which, separate or in combination, com- 
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|U)SC! the principiil coiistituriiis of ifijiioous rocks. There is a 
wide variation in the proportions of lliese ingredients in different 
magmas, and correspondingly igneous rocks vary much in 
chemical composition (Appendix III). The volatile substances 
(^^mineralizers such as water vapor, CO 2 , HCl, etc., probably 
enter only in small part into the composition of the* minerals. 
Most of them escape either into the wall rocks (134), or, in the 
case of lava, into the atmosphere. The explosiveness of some 
kinds of volcanic eruption is occjisioned chiefly by the escape of 
gases and vapors under diminished pressure. 

119. Consolidation of Molten Rock.- By the process of erup- 
tion magma is brought up into regions of lower pr(\ssure and lower 
temperature. For subjacent eruption the change in both con- 
ditions is probably not large, but for iniected and extruded bodies 
it may be v(4*y great. Reduction of prcs.su re may have a number 
of effects of which, perhaps, the more important are the expan- 
sion of the magma itself, the expan.sion of its gases, and the 
increased chemical activity of these gases, which is an important 
cause of the high temperatures of lavas and probably magmas 
also.' 

Reduction in temperature indu(te.s cooling which may be very 
gradual or rapid. When magma is cooling a temperature will 
at length be reached at which some of the nonvolatile constituents 
will begin to separate from the hot solution as crystals. Now, 
crystallization always implies that the molecules of which the 
crystals arc being formed must have enough freedom in the 
liquid to move and orient themselves, and this freedom depends 
upon the fluidity or mobility of the magma. If the cooling 
is very slow, so that the magma does not soon become viscous, 
relatively few crystals will originate and these will grow by the 
addition of molecules until the mass has become a coarse crys- 
talline rock. But if cooling is very rapid the magma may become 
so sticky that the molecules are unable to move about and com- 
bine. The liquid becomes stiffer and harder, without crystalliza- 
tion, until it is a glass. If cooling is a little less sudden, yet not 
. u" See writings of Tabs. A. Jaooar, Arthur L. Day, ei al 
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so slow as in the first, example, there may be some opj)ort, unity 
for the molecules to move before the liquid becomes loo viscous, 
(h-ystals may then originate at a great many points so near 
togetlier that, they will soon interf(»re and the resulting rock will 
be fine-grained. Evidently, then, rate of cooling is an important 
factor influencing the texture of an igneous rock. 

The volatile constituents, or miiu^ralizers, may be conceived 
of as lubricating the magma, as making it less viscous. By virtue 
*of this property, not only do they increase the mobility of the 
molten matc^rial as a whole, but also th(\v facilitate molecular 
movements within it, i.c., they assist crystallization. In fact, 
the crystallization of some minerals, such as quartz, orthoclase, 
and albite (soda plagioclase), seems to b(* difficult or impossible 
without the aid of these volatile substances. Sin(*e ease of 
molecular migration in a cooling solution is conducive to th(* form- 
ation of relatively few, large crystals, an abundance of gases and 
vapors in a magma may function in the* saint* way as a slow rate of 
cooling. Pegmatitic texture, which is thought to be due to the 
agency of an excess of mineralizers and particularly of water 
vapor, is often characteristic of the last portion of a magma to 
crystallize, because the volatile substances, being for the most 
part excluded from the composition of the minerals which they 
help to crystallize, are left in increasing proportion in the residual 
liquid. 

There is still another factor which influences the fluidity of a 
magma, namely, the proportion of the nonvolatile components. 
Those magmas (basic) which have a relatively high content of 
lime, iron, and magnesium, and are low in silica, are thinner and 
more mobile than those (acidic) which are high in silica and the 
alkalies. Basic lavas flow quite freely and sometimes for long 
distances when they arc poured out on the earth^s surface, and 
the magmatic gases are readily given oflf from them; but acidic 
lavas are so viscous that the gases escape with much difficulty 
and generally with explosive violence. It might seem, there- 
fore, that the basic, mobile magmas would consolidate with 
coarser texture than the acidic kinds, and undoubtedly this is 
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sometimes true; but 
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Fio. 86. — Types of ig- 
neous contacts, as seen in 
cross section. The intru- 
sive rook is blank and the 
country rook is lined. The 
contact is straight in A, 
jagged in B, blocky in C, 
blocky and matched in 
D, and sinuous in E. 


rate of (*ooliiig and volatile content arc so 
much more effective, at least as far as visible 
results are concerned, that the degree of 
control by nonvolatile composition is usu- 
ally indeterminate. Thus, an acidic intru- 
sive may be of coarser grain than a basic 
igneous rock into which it was injected. 

In brief, then, the viscosity and crystal- 
lization of magm&s and the texture of 
igneous rocks are controlled by various 
factors of which temp(u*aturc change and 
content of volatile substances are generally 
the most important. The beginner is ad- 
vised to disregard pressure change and 
nonvolatile composition since the parts 
played by these are more difficult to gauge. 
Furthermore, he is warned not to make 
comparisons between the textures of differ- 
ent classes of ro(^k and to draw conclusions 
ac(;<)rdingly. Because a granite happens to 
be coarse and a dioritc is finer, the granite 
magma did not necessarily cool more slowly 
or have a larger proportion of volatile con- 
stituents than the diorite magma; but if the 
granite shows variations of texture within 
its own mass, these may be ascribed in most 
cases to the control of one or the other, or 
possibly both, of the factors named; and the 
same may be said of variations within the 
diorite. 

Contacts 


and blocky 


120. Shape of Contacts. — Intrusive con- 
tacts may be straight, jagged, blocky. 
Or lobate. These are shown in ilg. 86. Straight, 
contacts point to the invasion of fissures 
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by iJici magma. They signify that tlie country rock was in 
its zone of fracture (164), and that probably it was relatively 
cool as compared with t he* molhui matei ial. In the case of thin 
injected bodies, su(;h as dikes and sills, the two ('dg(\s are some- 
times matched j i.c., indentations on one wall may be s<*(»n to <*or- 
respond to projections of like shape on the other wall (Fig. 80, 
D); but more commonly small blocks have b(‘en broken off and 
carried away by the magma so that the walls do not match. 
*Sinuous and lobate contacts often indicate that the country rock 
was within its zone of flowago (164). I'be difference between the. 




Fkj. 87. — Section of a lava flow restins on older matprial (vertical ruling), Tlie flem m 
highly vesicular above, less so below, and is compact in its central portion. Its upper sur- 
face is BCoriaceouB. (Cf. Fig. 33.) 


temperature of the country rock and that of the intruflive maas 
may not have been very great. 

The upper and lower surfaces of a lava flow are generally very 
irregular. Below, the sheet is often cavernous, and above, it may 
be relatively smooth and ribbed (ropy lava, pahoehoe), or hum- 
mocky (pillow lava), or exceedingly rough and jagged (block 
lava, aa) (Fig. 8?). Block lava owes its roughness to the coales- 
cence and increase in size of vesicles at its upper surface and to 
the breaking of crusts which formed before its flow had ceased. 

121. Sharpness of Contacts. — Some contacts are very definite, 
so sharp, in fact, that one can put the point of a pencil on the 
exact line (Fig. 88). In other instances there appears to be more 
or less Mending between the country rock' and the intrusive (Fig. 
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89). Sharp contacts may mean either: (1) that intrusion was 
rapid and the magma was soon chilled against the country rock ; 
or (2) that there was not a strong tendency for the magma 



88. — Section of a sharp jffii<>ous contact between two iicTieous rocks. Tho rock on 
the left is the younger. This is detiM-miiied by the fact that its texture becomes finer towarrl 
the contact, showing that it^H magma was chilled against the rock on the right, and that 
here, therefore, its crystallisation was impeded. This is un example of u chilled contact sone. 

• 

gradually to alter or dissolve the country rock (129); or (3) that, 
if tho magma invaded the country rock by some mode of chemical 
or mechanical replacement, it did so without filtering into the 
latter and it removed the products as fast as they were formt'd. 



Tkk 89, — Section of a branching dike and its country rock. The contact? are blended; 
that is, there is nowhere a sharp division line between the two rocks. 


Blended contacts suggest: (1) that the magma may have 
worked its way into the country rock and there crystallized in 
thin stringers or in isolated grains between the constituents cf 
older rock; or (2) that the magma had the property df gradu- 
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ally breaking down and altering the (!oinpositiun of the country 
rock. Each of these alternatives points to long-eon tijiutd mag- 
matic conditions; thei’c could have been no sudden chilling. In 
other words, the country rock must have been relatively warm. 

Contact Zone in the Eruptwe Rock * 

122. Principal Phenomena of the Contact Zone. — The contact, 
zone in. an eruptive rock (endomorphic zone) may exhibit the fol- 
lowing characters which are more or l(‘ss d(‘p(Mident upon the 
influence of the country rock, or, in the case of lavas, of thc‘ 
atmosphere: (1) textural variation; (2) vesicular and amygda- 
loidal structures; (3) flow structure'; (4) fracture structure (214) ; 
(5) chemical and mineralogical divergenc(^ from the normal or 
average composition of the eruptive as a whole; (0) schliers and 
segregations; and (7) inclusions 136 142. 

123. Marginal Texture. — Many igneous bodies are of coarser 
grain centrally than they are near their surfaces. This Ls 
explained by the fact that the molten rock after its eruption was 
chilled by its cooler surroundings, so that its crystallization was 
hindered (119). For the same reason lavas may bc^ glassy above 
and more or less crystalline inside. These fine-grained marginal 
zones are spoken of as chilled contacts (Fig. 88). 

It is worth while noting in this place that rock is a poor con- 
ductor of heat. Hence, in large intrusive bodies the chilled con- 
tact zone may not be very thick because, when once the country 
rock has been heated at the contact to a temi^^rature near that 
of the magma, further loss of heat is exceedingly gradual, so tliat 
crystallization may proceed slowly in the unchilled portion of the 
magma. Lava flows, although rapidly frozen on the surface, 
may remain red hot and even liquid for a long time beneath a 
thin crust because this crust is a poor conductor. 

Occasionally intruded masses are even-grained up to their con- 
tacts or they may actually be coarser near the margiiis. Even 
grain indicates that the conditions of the country rock were so 
near thpse of the intnisive that the inner and outer parts of the 
latter were affected almost alike. For example, the country rock 
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may liavci Ikhui so warm, oithrr ))ccausc of its depth or h(H^aus(; 
the magma flowed by it for a long time, that it did not chill the 
magma. A coarser marginal phase may often be attributed to 
the local activity, near the contacts, of volatile constituents 
derived either from the magma itself or from the country rock. 

124. Vesicular and Amygdaloidal Structures. — Vesicular struc- 
ture is characteristic of extrusive sheets, but it may sometimes 
be found in rocks which were injected under little pressure. The , 
pores may be marginal or central or they may pervade the mass. 
In sheets of lava (Fig. 87) they are commonly near the upper 
surface toward which they may become more and more numerous 
until the rock is scoriaceous or pumiceous. Vesicles near the 
lower contact of a flow in many cases originated on the upper 
surface or at the front of the moving lava and were then rolled 
under (223). 

Since amygdales are merely the fillings of vesicles, their forms 
and relations are the same as those of vesicles. 

126. Discriminatioii between Vesicular Structure and Weather 
Pits. — Little cavities left by the removal of the grains of a soluble 
mineral (36) may give to a rock the appearance of a vesicular 
lava. To discriminate between these weather pits and vesicles, 
break off a piece of the rock. A short distance in from the 
surface of the outcrop the weather pits will be seen to have the 
angular shape of the crystals which were leached out, and, 
farther in, the original crystals may still be present. Vesicles, 
on the other hand, will be rounded and empty. 

An exception to this statement is the case in which vesicles 
have been filled with amygdales and the amygdales have been 
dissolved out b}^ weathering near the outcrop surface. The 
broken fracture of the rock may show the remaining amygdales. 
It will then be necessary to apply the rules for distinguishing 
between amygdales and crystals (126), 

126. Discrunination between Amygdaloidal and Porphyritic 
Structurea.— Well-developed amygdales and phenocrysts should 
be easily distinguished, for amygdales are typically (ounded 
^mineral aggregates with concentric structure and phenocrysts 
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are generally single grains with crystal edges and angles (Cf. 
Figs. 70, B, and 72). Sometimes, it is true, plienocfiysts have had 
their corners and edges rounded by resorption (magmatic solu- 
tion) (Fig. 70, C), so that some of them look mort* like amygdales, 
but the other criteria just mentioned should be sufficient for their 
discrimination. 

127. Flow Structure. — Flow struciure has been briefly de- 
scribed in Art. 117. When it bears a definile r(‘lationship to 
*thc contacts of an eruptive body, as in the dike in Fig. 90, it may 
be regarded as one variety of endomorphic effecis. On a larger 
scale, Fig. 91 illustrates flow structure* in a stock or batholith. 



Fio. 90. — Section of part of a dike and its country rock, showiriK the relation between the 
contacts and the flow structure of the dike. 


128. Fracture Systems. — In many eruptive bodies, both intru- 
sive and extrusive, there are fractures that may be more or less 
regularly disposed and that may bear certain relations to the 
form of the body, or, in other words, to its contacts with the 
country rock. Since floAV structure, also, is often related to these 
contacts, it follows that there may be a recognizable — often a 
very important — connection between the flow structure and the 
fracture systems within a given igneous body. More will be 
said on this subject in Art. 216, in the chapter on fractures and 
fracture structures. 

129. Marginal Variations in Composition* — Many eruptive 
bodies have a gradual change in composition toward their con- 
tacts in a way to suggest that the variation must owe its origin 
to some outside control. We can imagine two general methods 
by which a magma miglit be so affected, namely, either by solu- 
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FiflU 91.'— -Flow Btruoture in a stock or bathotith. (After Balk. See caption for Fig. 75.) 
lii»|il|ii^ of the five diagranw, A ia a vertical oroRs eeetion, and B is a horiaontal plan. Dia- 
1 BhowB a dome of flow layere. 2. Arch of flow layers, with massive centre. 3. 
Pome of flow lines (not yet observed in the field). 4. Arch of flow lines. 5. Iticoroplete 
aroh of' flow iinet. In 1 and 2. lines with black triangles indicate strike and ^ip (d flow 
(ayers. A eroas denotes horisontal flow stnieture. Arrows show pitch of flow lines. 
I^ble>barbed arrow deontss horisontal flow Unes. In 4, B, the axis of the flow lines 
ISlI^pfdiBd belt) oolnoides with the axis of the mass if on the Hght side of A and disregards it 
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iioii and incorporation of some of the country rock, or by some 
internal process whereby certain mineral components might 
become separated from others and then segregated near the 
contacts or away from the contacts, as the case might be. The 
first and direct mode is margirial assimilation; the second, indirect 
way comes under the head of differentiation. Conceivably both 
might go on simultaneously. The products of assimilation are 
called syntectiesy and those of differentiation are differentiates. 
Both processes, requiring high fluidity for their successful opera- 
tion, might be expected to yield their most marked results in those 
intrusive bodies that consolidate least rapidly. Accordingly, we 
find that the best-developed contact zones of chemical or mineral- 
ogical variation are in the larger intrusive masses. 

There has been much controversy about the relative efficiency 
of marginal assimilation and differentiation, and the problem is 
not yet solved^ (see Art. 137 ). Without entering into the discus- 
sion, we may briefly point out a few criteria for distinguishing 
between the results of the two processes. Theoretically, if 
marginal assimilation had occurred to any measurable extent: (1) 
contacts would have rounded, lobate embayments into the coun- 
try rock, and other marks of corrosion; (2) there would be some 
correspondence between the composition of the igneous rock and 
that of the adjacent country rock; and (3) the zone of chemical 
modification would have an increasing chemical similarity to the 
country rock toward the contact. For the case of magmatic 
differentiation: (1) there need be no evidences of corrosion at 
contacts; (2) the modified zone would have no special relation to 
the distribution of various types of country rock, and, therefore, 
while maintaining its own general characters, it might have a 
much greater extent than the area of the contact surface of any 
one of the invaded types of country rock; and (3) the modified 

^N. L. Bowen (see Bibliog.) has published papers in which he dis- 
cusses methods of differentiation: (1) by the gravitative settling of crystals 
as they are formed in the magma; and (2) by compression, due to the forces 
of rock <^formation, which may squeeze some of tl^ remaining magma from 
between the crystals of the partly consolidated igneous rock. 
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zone and the adjacent country rock need have no chemical 
likeness J 

In geologic field work it is important to ascertain: (1) whether 
there arc marginal zones of chemical variation; and (2) if such 
zones do exist, just what the nature of the variation is, whether 
it is in any way related to the country rock and how it is related 
to the contact. 

130. Schliers and Segregations. — Schliers (schlieren) and 
segi’egations arc sometimes particularly numerous within a few 
score feet of the contact of large intrusive bodies. They are 
especially characteristic of the subjacent masses. Schliers are 
flow layers. In composition they may be similar to some of the 
main diffcrcnfiat(»d portions of the frozen magma. Segregations 
are apparently due to the separation of certain constituents from 
the magma and their crystallization about isolated objects, such 
as inclusions. 

Contact Zone in the Cottntry Rock 

131. Contact Metamorphism. — Physical and chemical changes 
induced in rock material by the infliKmce of magma or of lava 
may accomplished by heating, by the infiltration of volatile 
and nonvolatile constituents of the magma, or, occasionally, 
by the pressure of intrusion. By chemical processes, discolora- 
tion, baking, and alteration in composition may be effected. 
Physical changes include tension jointing (214) and peripheral 
cleavage. The contact metamorphic zone (exomorphic zone) 
in which these features may be observed varies in thickness 
from a fraction of an inch to many hundred yards. It is usually 
thin adjacent to small intrusives and beneath flows. Its thick- 
ness and the extent of the alteration are roughly proportional to 
the size and temperature of the intmsive body, the duration of 
flow of the magma between the walls of a conduit, and the struc- 
ture and composition of the country rock. For example, the roof 
Ubove a batholith may be altered a long distance, sometimes a 

_ 1 Vot further details see BibUog., Barbell, J., 1907; Daly, R. A., Chapter 
4 A 1 and xn. * 
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mile or more, from the main eontaet, because batholiths an* largo 
and they los(^ their heal slowly. 1 jkewist* the contact zone about 
a volcanic nock may be disproportionately thick if llu^ but flow' of 
lava continued for a long time. Conduction of lu'at and infiltra- 
tion of escaped magmatic substances are more easy ahnig, than 
across, parallel structures, and then'fore the thickest portion 
of the altered zone in rocks having cl(*avag(*, bedding, et<\, is 
apt to be where these structures are perp(‘ndicular to the contact 
’ (Fig. 9i). Finally, when magma is intruded into a rock having 
a composition very different from its own, the metamorphism 
is likely to be more intense and of gniater extent than when 
the compositions of intrusiv<* and country rock are similar. 



F^o. 02. — Section of an igneous cojilact hotween an intrusive rook (bliiuk) iincl its Htrutified 
country rock (linc>d). The latter has been nietamorphoHed (stir^plinff) in a wider zone on 
the left where the beddiiiK is transveise to the contact. 

That is why a sedimentary country rock may be more severely 
altered than one that is igneous. 

The physical and chemical features named above are described 
in Arts. 132-136. 

132. Baking . — Baking refers to the hardening or toughening 
of rock material through the influence of magma or lava. Some- 
times loose clays and sands are cemented just below a lava flow. 
Shale may become a very, hard, flintlike rock, called honmtone, 
and quartz sandstone may l>ccome quartzite. Baking seems to 
be a process of cementation rather than compression. It may 
be due partly to the rearrangement and crystallization of sub- 
stances already in the country rock, and partly to the infiltration 
and crystallization of some of the magmatic siUca, etc. At 
exposed contacts in thinly and evenly banded shales, the banding 
may become ob^mre or fade away in the baked zone. Similarly, 
thd cIea^age of slatei^ m»y gradually pass over into the iiqpeguto 
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fracture of homstone. Being comparatively resistant to erosion, 
these hardened contact zones may form ridges where the same 
rock, not baked, is a valley-maker. 

133. Discoloration. — Discoloration may be caused by a change 
in mineralogical or chemical composition. Greenish, grayish, 
or yellowish rocks may be reddened by magma through the 
dehydration of limonite ( 2 Fe 208 - 3 H 20 ), or the decarbonation 
and oxidation of ferrous carbonate (FeCOa), and the formation of 
hematite (FeaOa). 



Fio. 03. — Degrees of contact motamoiphinm. The intrusive rock is diagonally ruled. 
A, B, O, and D represent sucoessive stages of increasing contact metaniorphism (stippling) 
in the country rock. The more intense metamorphism is indicated by the closer stippling. 


134. Mineralogical and Chemical Alterations. — Alterations 
more striking than baking or discoloration are common in th(^ 
contact zones of invaded rocks. The changes are brought about 
largely through the agency of water vapor and gases^ most of 
which have filtered in from the magma, but some of which may 
have been in the country rock prior to intrusion. Many of these 
changes come under the head Of pneumatolysis. Even silica and 
other nonvolatile substances are believed to escape in solution 
ffOm the magma, assisting in chemical reactions, cementing the 
rock particles, and forming veins in the open spaces (237). New^ 
eidnerab are formed by the crystallization of substances* derived 
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from the magma, by the breaking down and recrystallization 
of the original minerals, and by the combining of new and old 
constituents. Quartz, mica, garnet, andalusite, siauroliie, 
vesuvianite, and tourmaline, are a few of the common species 
that may be developed in this way. Clay rocks sometimes 
become spotted in the early stages of metamorphism, the spots 
or “knots” often being small aggregates of carbonaceous matter. 
Ordinarily the variety of the new minerals is greater if the original 
rock was impure, for then there 
are just so many more sub- 
stances from which diffcjrent 
combinations may be made. 

It is important to note, with 
reference to contact zones show- 
ing chemical or mineralogical 
alteration, that greater changes 
are produced at high than at 
low temperatures and that, at 
different temperatures, the same 
chemical constituents may unite 
in different associations to make 
different minerals. From this 
it follows: (1) that the country 
rock near the contact will pass 
through successive stages of in- 
creasing metamorphism as long 
as it is being heated and other- 
wise affected by the magmatic 
agents;. (2) that ultimately a 
given type of country rock will 
be most altered near the con- 
tact and less and less so away 
from it; and (3) that, other things being equal, the higher degrees 
of metainorphism existing close to the contact in broad altered 
zones will be wanting in narrow zones and that consequently a 
given degree of alteration may be expected nearer the igneous 



Fio, 04: — Maps showing rslations of 
cleavage to intrusive contacts. The dash 
pattern represents the intrusive rook. In 
A the cleavage is essentially peripheral, 
probably because it was produced by the 
hydrostatic pressure of the magma. In B 
the cleavage was formed prior to the intru- 
sion of the magma. 
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body in IIkj narrower zones (Fig. 93). As a rule the effects of 
heat and of the infiltration of the magmatic juices proper are 
found to have been distinctly antecedent to the effects produced 
through the invasion of the volatile constituents (pneumatolysis). 




I 8 I 

Fxq. 9A. — Section of part of a batholith (blank and stippled) and its country rock (black) 
in successive stages of consolidation of the former. In A the stippling represents the portion 
which, having already crystaHised, formed an outer envelope surrounding the still molten 
interior (bla^). By further movements the magma was injected into this envelope (B) 
Black inclusions are foreign; stippled inclusions are cognate. 

136. Cleavage. — As a result of eruption, cleavage (fissility) is 
not common. It is generally a product of dynamic metamor- 
phism (see Art. 222), with no relation to intrusion, a fact which is 
dMaonstrated in numberless exposures where the cleavage is etd 
by the intrusive bodies (Fig. 94). Where it is a conse- 
of the force of intrusion, it dies out away from the^contact 
its attitude is directly related to the igneous mass. It is 
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then roughly parallel to the eontart and cases of intemfction of 
this peripheral cleavage by the contact are local and insignificant. 

Inclusions 

136. Cognate and Foreign Inclusions.— Inclusions have Imhui 
. defined as blocks of rock which were detach«>d from the w'alls 

of a majgma chamber and were eventually frozen into the result- 
ing igneous rock. It is necessary to point, tmt that not all inclu- 
sions are of the rock originally invaded by a magma. While 
a large body of molten mut(>rial is undergoing differcmtiation, 
its marginal parts are crystallizing, .so that at length a stages 
is reached in which the body consists of an outer hardt'iied shell 
covering a still molten residuum of different, comiiosition. V^ery 
often the outer, earlier differentiates are more basic than the 
inner ones. If the residual magma for any cause is again 
disturbed and forced to intrude, it will have to invade ite own 
external shell. Relatively acidic, light-colored dikes will pene- 
trate this darker shell and blocks of the latter may lie detached 
and immersed in the magma (Figs. 95, 96). Such blocks, having 
the same ultimate, origin as the magma surrounding them, are 
called cognate inclusions. Inclasions of the country rock proper 
may be spoken of as foreign. Cognate inclusions are sometimes 
carried up in dikes, sills, etc., and foreign inclusions may be seim 
in all kinds of intrusive bodies, and even in flows; but both 
cognate and foreign xenoliths are most extensively developed in 
batholiths and large injected masses. 

137. Overhead Stoping and Intrusive Breccias. — With refer- 
ence to the large intrusive bodies, the pa.ssive rifting of blocks 
from the walls of the chamber Daly terms overhead stoping. He 
ascribes it to a sort of exfoliation ennsequent upon the heating and 
expansion of the wall rock (Fig. 97), assisted by the invasion of 
dikes (Fig. 98) and sometimes by the movement of the magma. 
In general the detached blocks sink as the magma remains suffi- 
ciently fluid. As the viscosity increases tbh* settling is impeded 
and fins3ly checked, so that the inclusions which are rifted just 
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prior to consolidation can not move far from their sources. The 
consequence is that the big intrusive bodies may have an outer 
shell of intrusive breccia^ in which inclusions, both cognate and 

D 
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Fiq. 90, — Section of part of a batholith and its country rock, C and E. Thctbatholith 
oonaista of uranite, Q, with a basic border phase of diorite and Kal)bro, 7>. The dioritc 
and gabbro appear to be older chilled phases of the batholith in which the granite later differ- 
entiated and into which the granite was intruded. (Penobscot Bay Folio, No. 149, U. S. 
O. S.. 1007.) (Taken from R. A, Daly’s Igneous Rocks and Their Origin.") 

foreign, are very abundant (Fig. 95), and this may pass into 
an adjacent surrounding cover of countiy rock ramified by 
numerous apophyses. If differentiation-occurred and the magma 
was injected at intervals into its hardened portions, the contact 
zone of intrusive breccia might be very 
complicated in its nature. 

138 . Characters of Inclusions. — Seen 
in cross section on the surfaces of out- 
crops, inclusions appear as more or less 
irregular patches which may be sharply 
angular, subangular, well-rounded, lo- 
bate with embayments, or shredded 
(Figs. 99, 100). They may vary in size 
from a fraction of an inch to enormous 
blocks measuring several hundred feet in 
their visible dimensions. Their contacts 
may be clearly defined or blended for the 
same reasons that w^ere mentioned in 
Art. 121 . Where sharp contacts and 
angular forms are common, marginal assimilation has probably 
played an insignificant part. Sometimes there is a complete 
and uniform transition from the surrounding igneous rock to 
the centra^ unaltered portion of the xenolith, as if the latter 
had been in process of absorption when freezing stopped^further 
eneroachment by the magma. Foreign inclusions may, of course. 



B^a. 97.^Seotion of a con- 
tact between granite (dash 
pattern) and slate (lined). 
Fragments of the elate, de- 
tached by contact exfoliation, 
were frosen into the granite 
as inclusions. (After T. N. 
Dale.) 
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exhibit the same features, original or metamorphic, aa the country 
rock. In them bedding, cleavage, etc., may still be preserved 



Fiu. U8. — Section Hhowing details of a contact between schist and an intruded iKueouH 
rock (dash pattern). The separation of inclusions is here due principally to the invasion of 
dikes. Observe the relation between iiie shapes of the inclusions and their Hohistosity. In 
which direction do the dikes appear *to have fienetrated with greatest facility? 
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Fio. 90. — Shapes and distribution of inclusions (black) in an inclosing Igneous matrix 
(white). A, angular inclusions. Some of the fragments may be seen to have 6tt«d together. 
B, inclusions with rounded corners, suggestive of magmatic solution. The small inclusion 
at the extreme right was evidently broken so late that the corners of the fracture suffered 
no rounding. C, scalloped inclusions, the einbayments of the eruptive rock being places 
where the magma dissolved its way into the inclusions. D. sUver>like inclusions in paiatlei 
position. The form is the result of an original well-defined parallel structure in the country 
rook* The orientation may be indicative of the direction of flow of the magma. 

or, on the other hand, they may be baked, discolored, or nuneral- 
ized. Their contact aones are concentrically arrang^, the more 
extreme changes being in the outer parts.- Since small inclu- 
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Veitietl aection o) a (ontaet to lUuatrate the aourte of mcluaiona 

tSource of Inclusions.- When inohmions in an eruptive 
am situated near country rock of the hame kind, as seen on an 
o^rop surface (Fig. 101), their souice is fairly obvious, although 
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[)rol)ii))ly \vcr(‘ nol <*airi<‘<I dirorlly across from ihc pari tif lh<‘ 
contact (h in Fig. JOI ; a( prcscni cxposcil. 1’licy may have conn? 
up from somi? point on tli(» wall, lu\ that is now witJiin the rock 
mass, or they may liave come down from a portion of the wall, 
(ihj which has been erodi'd away, or tliev may have niovcHl along 
the trend of the contact line. For th(‘ g(‘ologist th(?y are of par- 
ticular interest when no country rock nanains in the vicinity 
or when tin* wall rock that does out(*r(»p is of an (‘iitirely different, 
liature. Under these circumstances it is likely, but not abso- 
lutely certain, that inclusions in dikes have ris(*n and that those 
in batholiths, chonoliths, and laccolitlis hav<‘ sunk; in other 
words, that the parent rock in the first cas(^ is Ix'low the land sur- 
face; and that, in the second, it has been remov<Hl through denuda- 
tion. Xenoliths in a batholith wliich has b(»(‘n broadly uncovered 
may thus give one a notion of the characdcT of t he eroded roof. 

140. Discrimination between Inclusions and Segregations.- 
The distinction between inclusions and s(‘gr(‘gations is not always 
easy or possible. The following charact<M\s are generally typical 
of segregations: (1) relatively small size, often only a f(;w inches 
across; (2) rather uniform siz(' on outcrops a few s(|uare yards 
or rods in area; (3) oval or circular crOwSS section; (4) concentric 
arrangement of the constituent minerals; (5) one or more minerals 
in common with the inclosing igneous rock. On the; contrary, 
inclusions are more frcximuitly of irregular shape; and variable 
size. As pointed out in the preceding paragraph, the larger ones 
often retain original fc;atures. Hence, the true nature of small 
xenoliths that look like segregations may lx* det€;rmined by com- 
paring their composition and structure with the composition and 
structure of the outer zones of the larger blocks whose derivation 
is certain. As for cognate inclusions, there is every gradation 
between them and segregations, for both are more or less directly 
related to differentiation. 

141 . Discrimination between Large Inclusions and Roof 
Pendants. — In effecting the uncovering of a batholith, denuda- 
tion isolates the roof pendants, if there were any such (Fig. 102). 
On a n?ap they look like islands of country rock encircled by the 
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intrusive rock, exactly the same relations, in fact, as arc exhibitol 
by xenoliths in ground plan. Out, crops of (‘oiintry rock in an 
area which is c,ertainly inclosed by the eruptive rock may belong, 
then, cither to a large inclusion or to a truncated roof pendant. 
There' arc some geologists who assert that it is impossible to tell 
the difftircnc(i betwe^en t,he two. However, if several of these 
isolated exposures of (jountry rock are found, and in all of them 
structures like bedding, cleavage, etc., have a parallel or otherwise ^ 
orderly arrangement of strikes, they are probably roof pendants. 
In the case of xenoliths, even when they are very near one 
another, such structures are apt to have diverse directions and 



Fia. 102. — Block diagram of a batholith (white) and its country rock (lined) in siicceaHive 
BtageB of eroBion, At the lower level (front of bloek) one of the roof pendantn, p, has been 
iaolaied and bo lookM like a xenuliili. Coiii|far<- Iht Miii'uitttiwn of luof pendantc>, p, and 
xenolithB, x. 

no apparent relations, for blocks of country rock that have been 
detached from the w’alls of a magma (diamber arc free to change 
their positions. 

142. Discrimination between Inclusions and Erosion Patches. 

Small patches of rock left on a contact that has been laid bare 
by erosion are sometimes mistaken for true inclusions. These 
are described in Art. 161. 

Another erosion phenomenon which beginners too often con- 
fuse with inclusions is an effect of unequal weathering of igneous 
rocks. Exfoliation, it will be remembered, is a process by which 
the outer surface of an outcrop spalls or peels oflF in thin plates. 
If these spalls come off unequally, first in one place and then in 
another, the rock acquires a patchy look, for each slab that peels 
off leaves a scar that has a color somewhat different from the 
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older surrounding surface. It is these scars that are sometimes 
taken for inclusions. They are especially common in glaciated 
regions which have l>een abandoned by the ice long enough for 
exfoliation to start on the smooth and polished surfaces. They 
may be distinguished by these characlei’s: (1) often there arc^ 
all gradations between the color of the latest, scar and tha't of the 
original surface, for the spalls come off at different times, and 
with age the scars fade and so grow^ more and more like the old 
surface ; (2) search may reveal some chips that have nearly come 
off and others which have separated so recently that they still 
lie loose on their own scars; (3) if it is possible to break the rock 
at the edge of a scar, the fresh fracture will be of uniform color 
both under the scar and under the old surrounding surface. 
Familiarity with rocks and minerals under various conditions of 
weathering is the best guide. 

Field Interpretation and Classification of 
Eruptive Bodies 

143. Shape of Eruptive Bodies. — Both extrusive and intrusive 
modes of occurrence may be discussed in this connection. Vol- 
canic ash cones owe their slopes to the angle of repose of the 
pyroclastic d^'bris of which they are composed ( 246 ). It may 
reach 40°. The form of a mass of lava depends in part upon the 
topography and in part upon the viscosity of the molten rock. 
Mobile flows spread far and are relatively thin as contrasted with 
those which are viscous. A cone built of lava poured from a 
central vcnt may have an inclination of less than 10°. From this 
extreme there are all gradations to the type of ejection known as 
a '‘spine,” a column of lava so rigid that it does not flow at all. 

As regards intrusive bodies, their shapes are governed: (1) 
by the viscosity of the magma, (2) by the structure of the coun- 
try rock, (3) by the weight of the overburden, and (4) by the 
manner of intrusion. Thinness, coupled with relatively great 
extent in the other two dimensions (c.p., many dikes, sills, etc.), 
implies rapid injection and a highly mobile magma, especially 
if the country rock appears to have been emA ( 120 , 121 ) when 
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it was invaded. A sticky magma would move sluggishly, and 
slow intrusion would soon be brought to a stop by chilling. 
Where the country rock was nearly as warm as the magma, thin 
sheets do not necessarily prove rapid injection. That the coun- 
try rock was warm and plastic enough to be deformed by the 
force of intrusion is suggested by the pinch-and-swell form of 



Fig. 103. — Pincb-and-Bwell form of a pegmatite dike in Rchiet. 


many pegmatite dikes in schists (Fig. 103), by the local bending of 
the schist folia against such pegmatite dikes (Fig. 104), and by 
other phenomena. 

The effect of greater viscosity on concordant injection is exem- 
plified in the typical laccolith (Fig. 78), the domical roof of which 
indicates that the magma, being too sticky to slip in rapidly and 

far between the beds, heaved them up 
and arched them b}^ the force of its 
hydrostatic pressure. M any Observed 
laccoliths are not quite typical, for 
minor irn^gularities in the roof and the 
presence of some inclusions in the 
igneous rock prove that the act of 
intiaision was not wholly a process of 
lifting and wedging, but was assisted 
by the disruption of blocks from the 
walls of the chamber. In batholiths 
this disruptive process (overhead stop- 
ing) scenes to have predominated as is indicated by the marked 
irregularity of the contact as a whole, frequently by the abun- 
dance of xenoliths, and by the usual total lack of correspondence 
between the attitude of the contact and the attitude of bedding in 
th^ rock. However, although the shape of the contacts of a 
bp^ith must unquestionably be ascril>ed in part to the separa- 
of inclusions, this docs not preclude the possibility that tl v 



Fio. 104. — Section of a pegma- 
tite dike cutting the foliation of a 
schistose rock, 
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roof was uplifted. With wider and more intensive study of these 
larg(3 intrusive masses, evidenee is increasing to the i?ff(»ct that 
upward pressure and upward ex{)ansioii of the core of magma 
played a significant role in their emplacement. Such (‘videnc<^ 
includes doming and arching of fiow struciture in the intrusive 
body; systems of tension fractures so disposed that they 'indicate 
upward movement of the magma after the outer shell has already 
consolidated; zones of marginal upthrusts, in steep-walled intni- 
sives, showing the effects of upw'ard and outward expansion of 
the liquid core; gneissic marginal shells, due to intense mechanical 
forces of intrusion, (^t(!.' The degree to which eac‘h of tlicse pro- 
cjcsses (passive stoping of th(‘ roof and ac.tJvcs fonuble ascent and 
(expansion of the magma) has conlributc^d toward the emplace- 
ment of the magma and the ultimat(j form of the hatholith should 
be investigated, in each case, by careful (*xamination of all avail- 
able field criteria. 

144. General Summary with Reference to the Interpretation of 
Contact Phenomena. — For (‘ast^ of rcfor(?nc(‘ w(^ may classify here 
the principal facts pres(‘nted in the foregoing paragraphs. Place 
of intrusion within th(‘ lithospher(‘, f.c., wh(‘ther in the zone of 
fracture or in the zone of flowage, is indicated by shape of contact, 
sharpness of contact, marginal textures, tension jointing, and 
shape of the intrusive body. Manner of eruption is indicat/cd by 
shape and sharpness of contacts, presence of inclusions, characterH 
of inclusions, attitude of flow^ structure, and shape of the eruptive 
body. Evidences for kind and amount of assimilation may be 
found ih shape and sharpness of contacts, marginal variations in 
the composition of the intrusive rock, shape of intrusive body, 
and characters of inclusions. Evidences for differentiation appear 
in schliers, segregations, and cognate inclusions, and in marginal 
variations in composition of the intrusive body. Rate of injec^ 
tiony rate of floWy and viscosity of magma and lava are indicated 
by the shape of the eruptive masses. Conditions of the country 
rock at the time of intrusion are suggested by shape and sharpness 
of contacts, marginal textures of the intrusive, characters of inclu- 

1 See Bt1>liog., Robbbt Balk, 1937, pp. 122-129. 
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sioiiK, kind and dcigrec of contact metamorphism, and shape of the 
intrusive body. 

145. Field Recognition of Eruptive Bodies. — llie l ec^ognition 
of modes of occurrence of igneous rocks in the field depends upon 
a thorough understanding of the definitions given in Art. 116. 
It is well also to have a notion of the sizes which are characteristic 
of eruptive bodies (117). Bear in mind that sills arc* (essentially 
parallel to the bedding of their country rocks; that chonoliths and 
laccoliths, as distinguished from batholiths, have basal ccJntacts; 
and that the difference between a sill and a laccolith is principally 
one of the relations between thickness and lateral extent. There 
can be no such thing as a sill in a country rock which is not strati- 
form. For chonoliths, laccoliths, and batholiths, extensive field 
correlation is necessary because of the great size of th(\se bodies. 

Probably the most troublesome problem is the distinction 
between a sill and a flow which has been buried under later strata, 
now consolidated. (1) A flow is often vesicular or scoriaceous in 
its upper portion and may have pores and brecciated structure 
near its base. On the contrary, a sill is usually free from visible 
pores; but there are sometimes numerous short apophyses extend- 
ing into the superjacent stiata, and thcoc, when viewed in cross 
section, may make the upper surface of the sill look as if it were a 
scoriaceous lava. If longer apophyses can be found, they are 
among the safest criteria for intrusion. (2) The cavities and 
depressions of a buried lava flow are generally filled with sedi- 
ments that have their bedding lamination parallel to the main 
stratification above. If a sill has many short roof apophyses, the 
intervening downward projections of the country rock are apt to 
show more or less contortion. (3) A flow may rest upon beds of 
volcanic ash or other volcanic debris; yet it is not to be forgotten 
that sills, too, may be injected into pyroclastic materials. (4) 
Flows are not uncommonly overlain by sediments that contain 
angular blocks or water-worn pebbles of the lava. Eroded frag- 
mants of a sill cannot be present in the superjacent beds which 
invaded by the sill. These overlying beds may seem to con- 
tinn pieces of the sill rock if the magma was injected upward as a 
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network of ramifying pipes (Fig. 105). Careful study of this ease 
would show that the seeming fragments of sill rock have chilled 
margins and that the inclosing rock has a metamorphic aureole 
round each “fragment.^' (5) Inclusions of the sup<^rjacent lauls 
may be found in sills, but never in flows, ((i) Tin* effects of con- 
tact metamorphism may be present in tlu‘ roof strata of a sill, Init 
not in the beds above a flow, provided there is no other outside; 
influence by which such alteration might have b(‘en induced. 



Fiq. 105. — Section of the upT>er contact between a sill (Btippled) and iU country nwk of 
alate (lined), showing abort roof apophyaea which are pipe -like in form. The roundiah 
patchea of the sill rock in the slate are sections of these “ pipes.” (Section about. 3 ft. long.) 


146. Field Study of Structures of Igneous Rocks.- -The two 
most significant kinds of structure in igneous rocks are flow struc- 
ture (113) and fracture structure (214). Flow structure ante- 
dates fracture structure in time of origin, since the former develops 
while the rock is molten and the latter, after it has become hard 
enough to break or shear. For this reason it is best to begin t.hc 
study of an igneous body by examining and mapping any flow 
structure that may be di.scovered in itj then the fracture systems 
should be mapped; and these should be studied and described in 
relation to the ob.servod flow structure. Both features are usu- 
ally best developed near the contacte. Both should be carefully 
examined on several surfaces of the rock as nearly as possible at 
right angles to one another. In recording notes and in mapping, 
discrimination should be made between linear and platy flow 
structure; also between the different classes of fractures (214). 
Detailed investigation of these phenomena in the field is impor- 
tant lH‘cause (hey are of great assistance in ascertaining the; 
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hwtory and mode of occurrence of the igneous rock bodies with 
which they are associated. 

Eruptive Bodies in Relation to Thkiii Time of Origin 

147. Relative Age. — The age of an igneous rock is dated from 
the time when it was intruded, or extruded, and was brought into 
fixed Halations with the adjacent older rocks. Thus, every intru- 
sive body is younger than its country rock and every lava flow is 
youngCT than the underlying rocks and, jf buried, older than the 
superjacent, materials. In field work an important duty of the 
g(Hilogist. is to determine the relatives ages of the igneous rocks. 
This may lie done in several ways. If, for instance, there are 


c 



Fiu. 106. — A, intcrsnctiiig clikcH, ab boiiig younguT tlmn rd B, hranrhing dikes, ab and cd 
being of the same age. How is the apparent displacement in A to be explained? 

two kinds of dikes, outcrops should be searched until a place is 
found where one of these dikes cuts across the other (Fig. 106, A). 
Sometimes two or three periods of injection by the same type of 
rock may be demonstrated. Branching dikes must not be con- 
fused with intersecting dikes (Fig. 106, B). Where but one con- 
tact between two igneous rocks is exposed, the younger rock is 
apt to be progressively finer toward the contact (123). Even if 
the boundary line is concealed, the relations may occasionally be 
ascertained by discovering inclusions of one rock in the other, for 
inclusions are always older than the inclosing matrix. 

As regards batholiths and other large intrusive masses, there is 
probably a long time interval between the consolidation of the 
portionR and the freezing of the final residuum. Conse- 
^^^Otly, in |n»int of crystallization, not only are pognatt; xenoliths 
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(lisUiuiUy older Ilian the siirroiinflinp; roek, bill also eerlain eofj;- 
iiate inclusions may be older or younp;(M’ than otliers in the same 
body. Within a given intrusive nniss cognate inclusions are 
younger than foreign inclusions. 

The age of an igneous body with referen(*e to joints, faults, 
folds, and other structures, should likewise^ be noted. Straight 
and blocky contacts, particularly if th«‘y correspond to existing 
joints in the country rock, imply a fracture^ system antedating 
intrusion. Tension joints, due to contact (effects (214), are 
clearly subsequent to the (iruplive body that led to their origin. 



Fio. 107. — Section of a dike, cd, wliich han entered a fuiill. Tlie fault interHeetH a Herica of 
Htraia coiitainiiiK a mII, ah, 

A fault which intersectH and displaccis an igneous mass is 
younger than the latter (Fig. 107). A fault that i.s <!88entially 
coincident with a contact may l)e older or younger than the intru- 
sive. Thus, a region may be dislocated and then invaded by 
magma along the faults (Fig. 107); or slipping may take place 
along the contact surface of an eruptive body. In the former 
case the contact and the fault would be one and the same surface, 
except perhaps where apophyses had branched into the fault 
blocks; whereas, if dislocation followed intrusion, places could 
surely be found where the fault and the contact were not coinci- 
dent, and any apophyses would be intersected l?y the fault. On 
the earth’s surface, lava flows and ash cones are sometimes 
aligned jn such a way as to su^^t l^at the magma ascended 
along a fault. The case may be proved by -finding topographic 
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ovideiKies of displacement along th(^ general trend of the volcanic 
vents (Chapter VIII). 

There are many reasons for believing that intrusion of large 
magmatic bodies and deformation of their country rocks are 
more or less synchronous. By definition, the updoming of the 
roof of a laccolith is accomplished by the invading magma. 
Batholithic intrusion seems often to have closely followed, or 
even accompanied, large scale deformation. Th(»se phe^iomena 
are regarded as parallel (effects of t.h(* same cause. 

148. Geologic Age.— Since igneous rocks do not hold fossils 
their geologic ages must be fixed by correlating them with sedi- 



Fia. 108. — Section of part of a baiholitb, b, and its country rock, a, both of which were 
eroded and overlain by later atrala, c. 


mentary rocks whose agi^ is known. P'lows and pyroclastics 
are of the same geologic age as the sedimentary rocks with which 
they are interstratified. For intrusives, the following example 
may suffice to illustrate the method of correlation. In Fig. 
108, h is intrusive into a and pebbles of a and h are found in 
c. Fossils show that a is Cambro-Ordovician and c is Devonian. 
Hence the age of b is between Ordovician and Devonian. 

Eruptive Bodies in Relation to the Land Surface 

149. Significance of the Exposure of Intrusive Rocks. — The 

presence of intrusive rocks upon the earth’s surface is evidence 
of the work accomplished by erosion. Sometimes a thick cover- 
ing has been removed and sometimes a thin one. for magma, in 
its eruption, reaches various levels within the lithosphere. Most 
^king is the case of batholiths. In these bodies the magma 
fffobably does not rise to within several hundred or even several 
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thousand feet of the surface except, perhaps, in rare instances 
(118), so that where subjacent masses are exposed, a thick cover 
of country rock has, little by little, been worn away and tlu‘ 
debris has been laid down elscwdiere in some area of deposition. 

160. Topographic Expression of Igneous Bodies.— ]^:x(X)sed 
intrusive bodies are so often more resistant than the inclosing 
country rocks that usually they liave a more pronounced relief. 
The higher central parts of many mountain ranges consist of 
batholit^iiic rocks. Unroofed laccoliths may form groups of 
hills that rise above the surrounding country (Fig. 109). The 
smaller injected bodies, such as necks, dikes, and sills, are gener- 
ally more resistant or less resistant than the country rock, and, 



Kiel. 109. — SiM'tion of an iiitt^rfoiinatioiial laccolith, Bear l.odgic Mtn., WyonniiK. S. 
nyenite porphyry; Af, I ower McHOxoic; C, Carbon if croun; Co, CHnibriait; Aa, “ AlnonkiBii”* 
Rraiiite, Lcnstli of section, 6 iniicH. (Suiidariec Folio, No. 127. 8. O. H., J9().*i.) 


correspondingly, they may have positive* or iu*gative topografihict 
relief (246) (Fig. 110). Horizontal or gently inclined sills and 
flows are sometimes the protective layers surmounting mesas and 
cuestas (278). 

161. Relations of Contacts to Erosion.^ — The student wdio has 
arrived, at the stage at w^hieh he undertakes his own g<tologic 
surveying will be disappointed to find ^low oft<jn important 
contacts — usually those he most wishes to majj — are cjuitc hidden 
beneath the soil. The reason is obvious. The agents of erosion, 
obtaining more easy access along these surfaces, wear the rocks 
down more rapidly, and the depressions then b<x*ome floored over 
with debris. In this way a valley may have its position fixed 
along a single contact (270, B). In other cases, where a weak 
rock lies between resistant materials, the former may be worn 

1 8ee also Art. S45. 
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away, and tlio valley (or gully) will have its walls situated some- 
where near the contacts (Fig. 110, A). 

If the ro(;k on one side of a contact is miudi less resistant to 
(M-osion than that on the other side, the weaker rock, whether 
intrusive or country rock, may be worn away to such an extent 
that the outcrop surface practically coincides with the contact. 
7 ^ At a certain stage in the erosion, 

when this coincidence has been all 
accomplished, the more re- 
A B ' sistant rock will be exposed only 

no.-To,.o«r»,. hie reiatio... of « i" areas where a thin re- 

dike and its country rook, a« Been in ver- maining COVer of the Weaker 
licalBection. A, dike Iomb resistant than • i i. i 

country rook. B, dike more resistant material has been perforated 

tluu. country rook. ^ 

weak rock will be removed except for a few scattered patches 
(Figs. Ill, B; 112). The perforat'd spots in the earlier stage 
and the patches in the later stage are very easily mistaken for 
inclusions. 

To determine whether patches on the surface oi an igneous 
rock are true inclusions or not, look over the whole outcrop and 



Fio. Ill, — The diagram shows an uneven contact between an igneous rock (dash pattern) 
and its country rock (Uned on front face; black on top and side faces). The front face of 
each block is assumed to be a surface produced by erosion. In A the remaining layer of the 
country rock has been perforated, and in B, a somewhat later stage, only a few patches of the 
country rock are loft. 

see whether they are distributed on all sides. Erosion patches 
are limited to those rock surfaces that correspond to contacts. 
In the earlier stage, above mentioned, the perforation spots can 
enlarged by splitting off some of the layer of wf^aker nick, 
in the later stage the patches themselves can be broken off 
^th a hammer. This weaker iwk may be found in place in 
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umouiit just beneath tlie soil at Mu* foot of the outerop oi* 
along the strike of the contact surface on other hedges iii the 
vicinity. 

On a much larger scale, the exposure of intrusive* bodies pre- 
sents some interesting problems. Consider, for instance, a 
batholith with an irregular roof. At first all the bedrock' in the 
region is the normal country rock (Fig. 113, A). As denudation 



Via. 112.— Patches of a trap dike (dark gray) still attached to its coiifitry rock. Btth the 
dike was the weaker rock. (Cf. Fig. 111.) Tl»e largest VoO^h is about 15 in. long. 

proceeds, the land surface at length reaches what we may call 
stage 2. In this stage, although the bedrock is still entirely the 
roof rock of the batholith, there are a few closed areas in which 
evidences of contact metamorphism may be recognized. These 
are the places where cupolas will soon be uncovered (Fig. 113, 
B). In the third stage several cupolas (stocks) are exposed, each 
being rimmed by a collar of the metamorphosed country rock 
(Fig. llSrC, a). There may he closed tracts of metamorphosed 
country rock which cap the shorter cupolas. The outcrop area^ 
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1*10 U3 — Successive stages in the exposure of a batboUth through erosion Batholithi 
dash pattern, aountr> rook, blank where immetainorpLoaed, ruled where metamorphosecl 
a IS a stock (cupola) surrounded by the metamorphosed country rock 






lONKOVS ItOCKS 


161 


of the cupoia8 grow larger and eoaloscc, as erosion goes on, so 
that, in the fourth stage, the lM*drock of the region eonsists 
principally of the intrusive, with hero and there isolated tracts 
of country rock which are, in reality, tnineated roof pwidants 
(Fig. 113, D). In the fifth and last stage the land suifju*e is 
entirely on the batholithic igneous rock (Fig. 113, hi). 



Fia. 114. — Section of part of a bathoUth (dash pattern) and ita co try rock (black). 
Much of the country rock has been stripped off erosion, so that the liii d surface in iriiiny 
places essentially coincides with the roof contact. The vtilleys have beci inciscfi below tbc 
contact well into the batholithic iiiasa. (The section is about 8 miles long.) 


Possibly there are some regions where th(‘ roof contacft of a 
batholith or of a flat-lying intrusive mass (sill, la(*(*(>iilh, etc.) 
has become the land surface over several square mil(»s. The 
weaker wperjacent countiy rock has benm stripped off (sxeopt 
for a few scattered remnants, and the resistant eruptive rock 
has been only locally 'incised by streams (Fig. 114). The evi- 
dences for this broad scale coincidence of erosion surface and 


a b ^ c d 



Fig. 115. — Section of an minieive body and ite country rock. The thicknem dt the 
contact metamorphosed sone (shaded) of the country rock is the same on both sides of 
the intrusive moss {ab and de). The breadth (d exposure of this xone is greater the lower the 
indination of the contact (ab and cd). 


contact include: (1) extensive distribution of like contact phe- 
nomena on the outcrops of the eruptive; (2) marked decrease 
in the^ variety and intensity of contact phenomena downward in 
those valleys which cut well into the intrusive body; (3) the 
isolated remnants of country rock, just referred to, especially 
if these are clearly sessile upon the eruptive; (4) accumulations 
of d4bris of the country rock on the summits of hills nnd ridges 
now consisting entirely of the intrusive rock; (5) similarity in 
shape and other charaetero between Uie gebei^ configuration of 
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I1m‘ topograpliy and visiblo oontarts IxMioath the romnanbs of 
t he eount.ry roek, 

162. Relations of Contact Zones to Topography. — The breadth 
of an exposed contact zone is seldom (jqual to the thickness of 
the zone, because thc^ land surface is usually inclined to contacts 
at an angle less than 90° (Fig. 115). Instances of this kind should 
not be confus('d with cases like that illust rated in Fig. 92. Figure 
1 10 shows two explanations for an observed increase in the degree 
of contact metamorphisin without apparent cause. 


a 



B 


Fxo. 116.-^Vertio«l imotions ihowing relations of the land surface to the degree of con* 
tact metamorpliism. Intrusive rock, dash pattern; country rook, ruled. In each ease, 
A and B. the degree of contact metamorphism grows less in going from a toward b, and 
then increases again, reaching a maximum at b. The explanation is obvious. 

153. Effects of Topography on the Shapes of Outcropping 
Dikes, Sills, and Contacts. — The influence of topography upon 
the form of outcrop surfaces and layers is most conveniently 
treated with reference to stratified rocks. Consequently the 
subject is reserved for Art. 174. The student has only to remem- 
ber that, when dikes and sills are of comparatively uniform thick- 
ness, their exposed edges are related to the land surface in exactly 
the same mafiner as are the exposed edges of strata, and that the 
dOthparison may be made concerning regular igneous con- 
liwiiB and surfaces of conformity in sediments. * 



CHAPTER VH 

TILTED AND FOLDED STRATA 

Deformation of Rocks 

164. Fracture and Flowage. — From the time of their origin 
rocks arc more or less disturbed by forces acting within the* 
lithosphere. On a broad scale, the inovememls which bring 
about slow changes of sea l(*v(»l (286) d(*monstrato the opera- 
tion of these forces; but more striking (*vid(*nce is furnished 
by the joints, cleavage, and folds that are so often hctui in con- 
solidated rocks. The deformation represent(*d by these and other 
allied structures may be brought about through fracture or flow- 
age. By flowage is meant a gnidual ciiang<^ in the form and 
internal stnicturc of a rock mass accomplishcid by chemical 
readjustment and by microscopic fracture whih* the rock remains 
essentially rigid. There is no igneous fusion during the process. 
The rock does not be(;ome molt<*n. Under vctv gr(*,at pressure 
and temperature, such as exist, deep bellow the earth's surface, 
all rocks yield to stress by flowage ratluT than by fracture. High 
temperature and pressure, the presence of moistiire, and the 
nature of the rock itself, are factors influencing this flowage. 
Nearer the surface rocks are more apt break;. but some rocks 
may flow even at depths of only a few hundred feet. For any 
rock subjected to differential pressure we have, then, a zone of 
flowage below and an enveloping shell or zone of fracture above. 
The maximum depth of the aone of fracture for rocks least capa- 
ble of flowage is placed at about 11 miles. ^ Below that depth 
all rocks flow if deformed. However, when we speak in terms 
of all rocks, the outer 11-mile shell of the lithosphere becomes 


> Bibliog., Adams, F. D. 
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almost cntirc*ly a zone of combined flowage and fracture, because 
differcmt rocks vaiy so much in their susceptibility to flowage 
when under stress. 

Structures produced in the zone of fracture are joints, faults, 
brecciation, aut-oclastic structures, fracture cleavage, etc. (Chap- 
ter VIII). In the zone of flowage* originate flow cleavage, 
schistosity, gneissic structure, etc. (Chapter IX). Folds (flex- 
ures) may result from either fracture or flowage, and very often 
they arc the product of both processes combined. 


TEnMINOLOGY AND CLASSIFICATION 


166. Principal Kinds of Folds or Flexures. — As seem in crass 
section, the principal forms of tilted and folded strata are as 
follows: 

A syndine is a downfold opening upward (Fig. 117,^ A, D). 

An antidine is an upf old* opening downward (Fig. 117, B, E). 

A homodine is a group of strata which have a fairly regular 
amount of dip in the same general direction (Fig, 117, C). 


m 
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Fio. 117,— Crow* sections of types of folds. A, symmetrical synclins; B, symmetrical 
anticline; C. homocline; D. asymmetrical synoline; E, asymmetrical anticline! F. monocline; 
G, structural terrace; H, isoclinal anticline and syncline; I. chevron folds; J, reeumbent 
folds; K, fan folds. In A, B. D. and £, st is the position of the axial surface. 


A numodine is a step-like bend in otherwise horizontal or 
gently dipping beds. It consists of a change in the amount of dip 
from gentle to relatively steeper and back again to gentle (Fig. 
U7, F), but the direction of dip remains essentially unchanged. 



TILTED AND FOLDED STRATA 


165 


A structural terrace is a stc|:>-iikc or shelf-liko flatf^'ninp; of 1,lio 
dip in more steeply inclined strata (Fig. 1 17, G). In a certain 
sense it is the reverse of a monocline. 

The term monoclinal dip (also called homoclim*) refers merely 
to a dip in the same gein^ral dir<‘Ction. A homo<*lin(‘ may be 
diversified by several monoclines and structural terraces. 

156. Terms of General Application.— Folds are bodi(\s of threes 
dimensions, that is, they have height, breadth, and U^ngth, a fact 



Via. 1 18.— Symmetrical eyncline ahown in three bloekii. ab and eb. linibe; dr. axia; def axial 
Nurface. Note broadening of ayncline with depth. (S«‘e parallel folda. p. 171.) 

which is too easily forKotlen because they are usually represented 
in plane crass sections. Figures 118 and 119 show the directions 
of the three dimensions of the folds of which only the height and 
breadth are indicated in A and B, Fig. 117. In each of these 
diagrams (118 and 119), the fold is symmetrically divided into 
two essentially equal parts by a vertical surface (def), called the 
axial surface.^ The line where this surface intersects any partic- 
ular bed or horizon in the folded group of strata is called the axis 

' Often called arial plane, tlioagb pnAably ikeyer a plane, since Uiia snrface 
is warpedthrouidi the irregularities of foldiiqt. 
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of the fold in that bed or horizon ad). The two parts of the* 
fold, one on caeh side of the axial surface, are its flanks or limbs 
(ab and c6, Figs. 118, 119). 

In Figs. 1 17, A and B, 118, and 119, the anticline and syncline 
are drawn with their axial surfaces vertical. If the axial surface 



I'^a. 110. — Syrntnctrical anticline shown in three hlockH. ab and be, limbs; de, axis; 
dt)f, axial surface. Note narrowina of anticline with depth, a feature of considerable impor* 
taiice in petroleum geoloffy. (See parallel folds, p. 171.) 

of a fold is inclined, as in Fig. 117, DE, the beds in the two limbs 
may have very dissimilar dips. It has been customary to 
describe the former type of fold as symmetrical and the latter as 
asymmetrical, referring to the mutual relations of the dips in the 
two limbs rather than to the geometrical relations of the limbs 
to the axial surface.^ 

^Thew is a decided practical advantage in the first definition of sym- 
metry, heroin used and commonly understood, because, for the second 
definition^ the whole underground form of the fold must be known, and this 
is tmtUfy possible. Furthermore, if the whole form is known, terms other 
jtiutti symmetry and asymmetry may be applied to better advantage. 
(4(ymmetry refers to the dips of the and dips are measured from the 
'•^•■^•ontaL • 
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In an asymmetrical fold, the axis does not coidiiide with the 
higlu'st part, or crest, of an anticline, nor with the lowest part, 
or trough, of a syncline (Fig. 120). This is a very important 



Fig. 120. — Asymmetrical anticline (left) and syncline (rildit). stten in crnss section; or 6 
axial surface of anticline, seen in section; «if/, same for syncliiie; dr, crcstal surface of anti- 
cline; and gh, trough surface of syncline, both seen in cross section. Any erestnl Itne, or 
trough live, would be perpendicular, or neaily pcipendieulur, to the plane of the diagram. 


point to remember. In such folds, the line* where any givf'ii 
bedding surface meets a horizontal plane may be culled the crvHi 
line, in an anticline, or the trou^/h line, in a syucline. The surfaces 
that includes the crest lines in 
successively deeper beds in an 
anticline is the crested surface of 
that fold; and the corresponding 
surface in a syncline may Ik‘ termed 
a trough surface (Figs. 120 and 121). 

Note that the axis of an asym- 
metrical fold migrates, in succes- 
sively lower beds, toward the more 
steeply dipping limb in synclines 

and toward the more gently dipping fio. 121.-- Crow imctioti of an 
limb in- anticlines (Fig. 117, D and 
E). This fact has a bearing on the nurfac^*. 
accumulation of oil and gas in asymmetrical folds.* 



The upper bend of either a terrace or a monocline may be 
referred to as the head, or upper break, or upper change of dip, and 
the lower bend is the/ea/ of the terrace or monocline, or the lower 
break, or the lower change of dip, 

167, Varieties of Folds.— Anticlines and synclines may be 
simple, composite, or complex. A fold is simple when its curve 
‘ Hibiiog., Hbwbtt, D. P., and C. T. Lvpion^ 1017, p. 34. 
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is simple; corfiposiie when it consists of smaller anticlines and 
synclin(!s; and complex when its axis is folded, f.c., when the fold 
is cross-folded. Simple folds arc drawn in Fig. 117. 

A composite' anticline is called an anticlinorium and a com- 
posite syncline, a syncMnorium (plurals, anticlinoria, synclinoria) 
(Fig. 122). Whenever a set of small folds is superposed upon a 
group of larger folds, the former are called minor and the latter 
major. All major folds are composite. If the axial planes of the 
minor folds converge downward in an anticlinorium or upward 
in a synclinorium, the major fold is called normal (Fig. 122, A 





Kio. 122.— Synolinorift C.V ttiul C) and anticlinoria (B and D). 

and B) ; if the opposite is true, the anticlinorium and the synclino- 
rium are abnormal (Fig. 122, C and D).^ 

A very extensive uplift, generally anticlinal in its nature, is a 
geanticline or a regional anticline. In the same way, a great 
synclinal area is tc^rmed a geosyndine or regional synclinc. 
lOxamples of the former are the Arbuckle Mountain Uplift in 
southeni Oklahoma, the Central Mineral Region of Texas, and 
the Sabine Uplift of northern Louisiana. Examples of regional 
synclines are the Mississippi Embaymcnt, the Rio Grande 
Embayment, the Permian Basin of western Texas, and the 
g(H>synclme of eastern Texas, just west of the Sabine Uplift. 

Where stratified rocks have an average inclination in some 
general diret^tion over a wid<‘ extent of t^erritory, this inclination 

; . VBibliog., Van C. H.,. 1S96, pp. 008-612. 
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is called a regional dip. It differs from a homocline in < hat it may 
be variously modified by chang<*s in the amount and dirc'ction 
of dip, and even in reversals of dip, as long {is the average is 
maintained. These rcjversals and loss (’Onspiouous variations 



Flo. 123. — A. dorno fold; H, ImHiii fold. 

are referred to as local dips. They are also railed abnormal b) 
distinguish them from the regional or normal dip. A regional dip 
is generally the limb of a geosynoline or of a geanticline. 

Types of complex folds are tin* donu^fold or dome, and the basin 
fold or structural basin. A dome is anticlinal in two vertical see- 



Pio, 124. — Anticlinal and Mynclinal canoe foldii, reprenenied in part. The axea of the folda 
are inclined downward (pitch) toward the hackuround. 


tionH at right angles to one another, and a basin fold is mmilarly 
synclinal (Figs. 123, 482). If the folding is much closer, i.e., if 
the compression has been much more intense in one direction, 
than at ri^t angles to Uiis direction, the folds are much longer in 
eompailson with their width. The elongated basin fold may then 
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bo callcMl rt canoe fold^ and the dome may bo called an inverted 
canoe fold, or a ridge fold (Fig. 124). Domes and inverted cano(' 
folds are referred to as anticlinal closures, and structural basins 

and canoe folds, as synclinal 
closures, on account of the fact 
that, when t hey are represent- 
ed by structure contours 
( 466 ), these contours are clos- 
ed (Fig. 482). ‘ • 

Sometimes a fold ^ which is 
anticlinal in one section may 
be synclinal in the perpendic- 
ular section (Fig. 125). Such 
a fold is termed a saddle. It 
may be an upfold along the axis of a syncline, or a downfold along 
the axis of an anticline. 

A local anticlinal warping on the limb of a major fold or on any 
monoclinal dip is an anticlinal bowing, or nose, in reference to the 



fact that contours showing this type of structure bend or bow out 
;^btfward the direction of the dip (Fig. 482). The corresponding 
synclmal structure, in which the contours bend in the up-dip 
diction, is a $yndinal bowing (Fig. 482). Anticlinal and syn- 
lio^gs pitch or plunge in the direction of the gm^ral dip. 



Fig. 125. — A complex fold which in eyii- 
clinal ill one section and anticlinal in the 
perpendicular Hcction. 
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Folding may be parallel or similar. la parallel folds (also called 
concerdric folds) each bed is of approximately uniform thickness 
throughout its course in both anticlines and synclines (Fig. 126). 



Fio. 127. — Similnr folding. 



The effect of this n*lation is that the liedding surfaec^s arc not of 
the same shape. Both upward and downward folds die out.’ 
On the other hand, in similar folds the binlding surfaces are of 
similar shape and the beds vary in thickness (Fig. 127), Their 
limbs are thinned and their axial 
regions are thickened. Such folds 
may be persistent upward and down- 
ward through a thickness of rock 
which is very great as compared with 
the amplitude of the contortions of 
any one bed. 

Deformation in parallel folding is accomplished by adjustment 
between the beds, and in similar folding, by adjustment within 
the beds. In both cases the movement is differential. In parallel 
folding this movement is such that a given bed slides upward 
against the next underlying bed toward anticlinal axes (Fig. 128). 
Adjustment within beds is effected principally by rock flowage. 
It requires more energy than the shearing of strata one upon 


Fio. 128. — DUgram illuBtratinff 
the differential movement between 
adjacent bed* in parallel folding. 


^The gtudent is here reminded of another way in which an anticlinal 
fold ma^ die out with depth. See p. 649, where the effects of convergence 
are described. 
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another. Hence we find that Himilar folds are characteristic of 
the zone of flowagc, whereas parallel folds are cliaractcristic of the 
zone of fracture. Similar folding is common in mciamorphic 
rocks having flow cleavage (Fig, 129). The field classification of 
folds may be aided by the facts enumerated in Arts. 476 and 477. 

168. Size of Folds. — Folds range in breadth from very minute 
contortions, seen only by the the aid of a microscope, to great 
arches and troughs many miles from axis to axis. Diminutive 
folds, naturally limited to fine-grained rocks, are always subordi- 
nate in that they arc superposed upon larger folds. They may 



Fiq. 129.— Sketch of contorted laniinie in a speciuien uf mica erhiat. (Length of figure 

about ] ft.) 

form low, subparallol ribs and furrows on tho cleavage surface of 
a rock, and they are then termed cremUationJs. 

Anticlines and synclincs art; usually lower than they are wide. 
Exceptions are found only where the strata have been intensely 
deformed. In folds large enough to map, the dips of the limbs 
vary from only a few feet per mile to 90°. 

169. Comt>etent or Controlling Beds. — ^The unequal suscepti- 
bility of different rocks to deformation by flowage seems to indi- 
cate that if a sufficient force were iq>plied laterally (parallel to 
beds) to a formation consisting of layers of varying resistance, 
individual beds would l)e affected in different ways; and, 
j|tatter of fact, this is actually the case. In a series* of this 
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kind a strong stratum, if arched up, may tend to support the 
overlying beds and thus lessen the vertical pressure on the rocks 
below it. “Willis’ experiments on the mechanics of Appalachian 
structure^ showed that the thicker, mor(‘ competent wax layers 
rise in simple o\itline under given conditions of pressure and load 
until they are unabh' to lift the load fartluM*. Then they crumple 
and, in crumpling, thicken, enabling tJnun <o lift the* load higher. 



Fio. 130. — DiaKrammatir section ahowinit difTereiitial movement between comr»etent 
bedh on the limbs of a fold with the development of minor drnu folda between them. (After 
C. K. Leith.) 

Thus composite folds arc really indications of incompetence. 
Simple folds are more characteristic of the zone of fracture; the 
bed is able to lift itself without int/crior adjustment, and without 
crumpling; it is competent.'’^ As Leith and others have pointed 
out, this term, “competence,^’ is one of relative value only. One 
rock may be competent with respect to a second and incompetent 
with respect to a third. 

When a series of strata is subjected to lateral pressure, there is 
at first a tendency for the formation of parallel folds. This, as 


^ Bibliog., Willis, B., 1892, pp, 241-253. 
* Biblidg., Leith, C. K., pp. Jll, 112. 
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we liave seoji, means slipping between the beds. If the strata 
are of different dc^grees of resistanc^e and the conditions are sucli 
that the strong(*r layers are in their zone of fracture while the 
weak beds anj in th(jir zone of flowage, the readjustment by slip- 
ping may be concentrated in the weaker, incompetent layers. 
The series will then be folded after tlu) parallel pattern, being 

controlled as a whole by the 
competent strata; but the in- 
competent beds will bear evi- 
dence of flowage either in flow 
cleavage or in minor folds of 
the similar type. Minor folds 
of this origin are primarily the 
result of the differential move- 
ment or "'drag'' between the 
competent strata, and they 
have therefore received the 
name of drag folds (166). 
Since, in the differential move- 
ment between strata, a given 
bed slips over the subjacent 
layer in a direction toward the 
nearest anticlinal axis, the drag folds arc* overturned in this 
direction and their axial planes generally converge downward in 
the major synclines and upward in the major anticlines (Fig. 
130). The axial planes of the drag folds are inclined with the 
direction of differential movement (Fig. 131). 

, 180. Strike, Dip, and Pitch. — The definitions in Art. 12 hold 
for folded strata. In Fig. 132, A, the strike is east-west and the 
dip is 45® S. In Fig. 132, B, the strike is north-south and the dip 
is W. on the east side of the block and E. on the west side. Tlie 
axis of the syncUne shown in this diagram is horizontal, but in 
I'ig. 132, C, the axis is inclined northward, and a section through 
a, 6, and c shows the angle of this inclination in its relation to the 
horizontal (Fig. 132, D). This angle is a special case of dip and 
I® Itnown as the piuih or plunge of the fold. Here, then, ^e have 



Fig. 131. — Drag folds produced in an in- 
competent bed between two competent 
strata. (Cf. Fin. 130.) The differential 
motion at the bedding contacts is indicated 
by the arrows e, d, e, and /. X and Y show 
the relative differential movement of the two 
competent beds, ah is a section of the axial 
plane of one of the drag folds. An anticline 
is to the right of the figure and a syncline is 
to tijte left. 
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a syncline pitching 10° N. It is obvious from the diagrams that 
the strikes of the limbs of such a fold, the axis of which lies in a 
north-south vertical plane, are.not parallel as in Fig. 132, B. In 
a synclino they diverge, and 

in an anticline they converge, ~ 

in the direction of the pitch. 



Causes and Conditions of 
Folding 

161. Causes of Tilting and 
Folding. — Although a detailed 
discussion of the causes of 
deformation of rocks is not 
within, the province of this 
book, a few words of expla- 
nation may not be amiss. 

There are probably at least 
seven causes of tilting and 
folding of strata. These are: 

(1) settling due to weighting; 

(2) differential compression ; 

(3) tangential compression; 

(4) faulting; (5) igneous intru- 
sion; (6) invasion of salt; (7) 
secondary changes including 
chemical alteration and un- 
equal weathering. 

1. In regions of long-con- 
tinued deposition there seems 

to have been a gradual widespread settling of the floor in which 
the sediments have been accumulating, almost pari passu with the 
sedimentation. This settling, called iaosiatic sealing^ results in 
the bending of the strata, already deposited, downward toward 
the arq^ of maximum subsidence. The inclination 61 the beds, 
after such bending, has been termed 'initial dip’^ by Bailey 



Fio. 132. — DiagraoM of dip, striki!. and pitch. 
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Willis.^ In a thick series of sedimcntH, it is greater in the lower 
lx 5 ds, which hav<; undergone more scuttling, than in the beds 
higlier in the formation. 

2. The compressibility of sedimc'iits und(‘r load has b(*en men- 
tioned in Art. 72. We may suppos<^ : ( 1) that the total shrinkage 
of a thi(!k sedimentary formation will be gn'ater than that of a 
thin formation; and (2) that the shrinkage of a given formation 
will be greater the larger the proportion of highly compn^ssiblc 
materials (mud, clay, peat) to slightly compressible materials 
(sand) within the formation. 


a h c C d 



Kia. 1^3. — Vortical crosH noction illustrating the arching of strata over ridges in the 
basement. These buried ridges or buried hills may have been due to faulting followed V>'' 
erosion, a; exposure of a plutonic body, 6; differential erosion of hard and soft strata, c, d. 

As a result of uneciual comprc.ssion, individual layers in such 
a sedimentary formation arc likely to be bent or warped. A 
scries of strata resting unconformably upon an uneven basement 
might thus bee.ome deformed so that the beds would sag toward 
the depressions in the surface of unconformity; or, in other words, 
they would arch over the original uplands (Fig. 133). This 
may be the explanation, at least, in part, of the structural relations 
of the Carboniferous strata to the subjacent ‘‘Granite Ridge in 
central Kansas. ^ For a similar reason, but on a smaller scale, 
sand or sandstone lenses within a formation may induce bending 
of overlying, and even of underlying, more compressible strata. 

We have learned that the average distribution of sediments 
along a coast is such that sands predominate near shore, muds 

^ See footnote, page 66 . 

* This subject has btH»n diseussod at length by Sidney Poweils, par- 
ticulady in papers on Imricd hills. Sec Bibliog., Powees, Sidney, 1922; 

iWd.U* 26 . 
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farther out, and limy oozes beyond the muds ( 78 ). In the 
progress of a transgression of the sea, the mud phase migrates 
over the basal sand phase. Between the principal sand body and 
the principal mud body there will be a tTansitional zone of con- 
siderable thickness in which layers of sand and mud will alternate, 
the mud increasing in amount upward and the sand increasing 



Fiti. 134. — Veriir.al section ilirouKh littoral niariiio ftnlinicntH laid down duiing a trana- 
IcroHHioii of the 8ea from right to left. Vertical Bcale evaggeruted. 

downward in the series. At any givc^n time during the trans- 
gr(\ssiori, the proportion of mud to sand, as mt^asured vertically 
from top to bottom of the growing st^dimentary formation, will be 
greater seaward. Let us assumes a hypothetical case, illustrated 
in Fig. 134. The total thickness of mud and of sand, before 
compression, at points A, B, and C, is given as follows: 


station 

ThicknooB of 
formation, 
ft. 

Total sand thicknosB 

Total mud thickneas 

Ft. 

1 

P<T cent 

Ft. 

Per cent 

A 

500 

400 

80 

100 

20 

B 


400 

40 

600 

60 

C 

mm 

400 

20 

1,600 

80 

1 


Considering only the strata represented in the figure, let us 
suppose that the sand will suffer 1 per cent vertical shrinkage 
and the mud 15 per cent vertical shrinkage, of its original thick- 
ness, after furtheu- transgression of the sea and the deposition 
of a h(‘avy overburden of younger sediments. The figures will 
then be* as follows : 
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station 

Oriftinal 
thiekneM 
of Hand, 
ft. 

Comprebaed 
thickncaa 
of Band, 
ft. 

Original 
thioknesB 
of Bhale, 
ft. 

CompreBBcd 
thickncBB 
of Bhale, 
ft. 

Total 

Bhrinkage of 
formation, 
ft. 

A 

■i 

396 

100 


19 

B 

BSH 

396 

600 


94 

C 


396 

1,600 


244 

• 


The total shrinkage of the formation, given in the last column, 
represents the quantity by which the original surface of the 
deposit, and, therefore, the beds which were at the surface, an^ 
lowered through the effects of the compre^ion, using the fore- 
going hypothetical values (72). 

From il to fl a secondary dip of 75 ft. is produced, and’from B 
to Cf a secondary dip of 150 ft. 

Although these figures arc hypothetical, they suggest that th(i 
original inclination of the beds in extensive growing deposits 
may be increased not only by settling of the foundation (see 1 , 
above), but also by the unequal compression of the strata, involv- 
ing an increasingly great reduction in their thickness away from 
the source of supply. 

3. Probably the folding ordinarily observed in strongly 
deformed strata is an effect of lateral or tangential compression 
within the lithosphere, i.c., of compression by forces acting in 
approximately horizontal directions. Briefly, this compression 
is thought to be a consequence of strains and stresses induced 
by the earth's gradual shrinkage. Geologists believe that these 
stresses slowly increase until finally they somewhere overcome 
the resistance of the lithosphere to deformation. Then yielding 
occurs by breaking or by folding. In the earth's history this 
yieitling seems often to have occurred in regions of heavy sedi- 
mentation where, already, there may have been some weakening 
by bending due to isostatic settling (H 1) and differential settiing 
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The conf^eption has been generally held that the eomprcssivc' 
forc<js have operated essentially perpendicular to the axes of th(‘ 
resulting folds (Fig. 135). That such may uot b<‘ the case has 
been recently pointed out in an illuminating article* by Warren J. 
Mead, who shows that overlapping, pitching folds, occurring 
in groups and with roughly parallel alignmcmt of their axes — a 
condition frequently found in deformed strata — may be produced 
by shearing stresses (Fig. 136). Mead writes, **lt seems prob- 
able that the movements between great earth masses are in the 



Pxo. 135. — Plaster of Paris positive of folds produced by compression or sborteninK. The 

force was applied perpendicular to the lenRth of the folds. (After Warren J. Mead.) 

nature of shears rather than simple straight-line compression. 
In other words, the application of a compressive force directly 
toward the‘ point of maximum resistance would he less probable 
than the development of a couple which would cause what has been 
called a rotational stress” ... He thinks that “most of the 
faults or folds'' in deformed strata “arc the result of the riding or 
dragging of the upper layers by" shearing movements in “the 
underlying materials."* 

4. Flexing produced by faulting may be local, as in the case 
of drag dips ( 180 , 191 ); or it may become rather extensive, 

1 See Bibliog., Mbad, Wabbbn J. 

* /6W., p. 521.. 
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where folds are associated with flat overthrusts, with zones of 
overlapping faults in the origin of which torsional forces operated, 
and, finally, in slump faults on the flanks of settling geosynclines 
(Art. 186)'. 

5. Deformation associated with, and prodiu^ed by, the intru- 
sion of magma is referred to in Art. 116. 



l*^a. 130. — Vertical view of reproduetiont in plaster of Paris, of folds produced by shearing 
deformation. The direction of movement is indicated by arrows and the amount of defor- 
mation is shown by the shape of the block. (After Warren J. Mead.) 


6, In some parts of the world, notably in Roumania, north- 
eastern Germany, Holland, the Gulf Coastal region of Mississippi, 
Louisiana and Texas, and the Isthmus uf Tehuantepec, there are 
dome-shaped uplifts of stratified rocks associated with central 
,phigB of sidt. These structures are known as soff domes (Fig. 
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137). The salt core generally stands nearly vertical and has a 
roughly circular or oval horizontal section, measuring from 
1,000 ft. to two miles or so in diameter. It extends downward to 
an unknown depth. In this country wells have penetrated salt 
more than 3,000 ft. without going out of it, and there are reasons 
for believing that the plugs in Europe extend downw^ard 15,000 
and even 20,000 ft. The sides of the plug dip at angles of 30® to 



Fia. 137. — Ideal vertiral cross section of a salt dome showing salt, cap rock consisting 
of upper layer, a, chiefly of calcite (limestone), and lower layer, b, consiating of gypsum and 
anhydrite. Ap older series was intruded and uparched, then eroded, and Anally covered 
by younger beds. Subsequently renewed uplift domed the younger strata. 


90®. The salt mass itself is composed of salt crystals which are 
sometimes columnar, having their long axes e.ssentially in a ver- 
tical position. It may be marked by streaks closely resembling 
the flowage lines in gneisses, and these streaks may be parallel 
to the sides of the plug or they may be severely contorted, like the 
structure shown in Fig. 129. 

A majority of the Gulf Coast domes are crowned with a so- 
called ^^cap rock'' varying in thickness up to 1^000 ft. or more, 
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and con^ititing eHsentially of crystalline anhydrite. Associated 
with the anhydrite may be gypsum, probably an alteration prod- 
uct of the anhydrite, and also limestone or dolomitic limestone, 
and in some cases sulphur. 

Adjacent to the salt, the suiTounding sedimentary strata,, 
generally ranging in age from Cretaceous to Recent, have? been 
faulted and turned up at sharp angles against the sides of the 
plug and have been arched over it where they w^ere deposited 
prior to the latest thrust of the salt. In some instaiK;es proof 
has been found of a total displacement amounting to 5,000 ft. 
or over. Recent investigations are more and more (clearly 
dt'monstraf.ing that the upthrust of many of theses domes was 
intermittent, probably with long intervening periods of (piic's- 
(^en(^e. Beds more recent than the latest tJirust of tlu^ salt eorcj 
are not- uparched. 

Domes like those above described, where the strata have l)een 
not only uparched but also punctured by the salt plug, arc 
piercement domes. 

Geophysics has indicated that there are many deep domes below 
which drilling has not reached the salt plug, which apparently 
arched a very thick prism of oveilying bi ds without intruding 
them. These are sometimes called domes of the nonpiercement 
type. 

Salt domes are found for the most pait in regional synclines 
(geosynclines) where hoavj'^ sedimentation has occurred. Fur- 
thermore, the 3 ’’ are distributed roughly along lines which parallel 
the major structural trends of the region. 

Although many theori('s have been proposed to * explain the 
origin of th(w salt domc*s, the view most commonly held in this 
country until the early 1920's was that the ^It was deposited 
from ascending waters. However, serious objections to this 
theory have been presented,^ In Europe, where the domes are 
often laid bare to considerable depths b^’' erosion, and where, 
consequently, a more certain idea of their sthicture and origin 
.. Roqsah, G. StiSBBtrBKu; p, 460; also DeGoiateRj^E., ei al., 

f ^ 
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ran be obtaineil, geologists have eoine to believe that tlu? sjilt 
v/as thmst upward into the sediments like a punch, principally 
by mechanical means, assisted hy the ordinary proce^^ses of 
granulation and recrystallization supposed to accompany the 
development of schistosity in metamorphic rocks (224). The 
soui ce of the salt is thought to hav(‘ been in deep-lying salt beds 
(Lower Miocene in Roumania; Permian in Germany and Hol- 
land; probably Jurassic in Mississippi, liouisiana, and Texas), 
from which it was squeezed upw^ard at points of minimum 
resistance. 

In view of the many features common to our Gulf Coast domes 
and those of Europe, particularly the unmistakable indications of 
great mechanical upward force, we may conclude that the origin 
is similar in each case and that the salt of the Gulf Coast domes 
has been derived from sedimentary salt deeply buried in bedded 
deposits! The chief force involved was probably downward 
pressure of this great load of overlying strata, a force that caused 
the salt locally to move upward in a semiplastic condition along 
lines and at points of weakness. 

7. In regions underlain by stratified formations which include 
some soluble members, these members may be gradually dissolved 
and carried away by subsurface waters. Tliis may cause the 
overlying strata to sag toward the area of maximum removal 
by such solution (321). 

Interpretation of Tilted and Folded Strata 

162. Discrimination between Primary and Secondary Dip. — 

The inclination of layers, when not over 30® or 40®, may be 
original (73, 246). Sometimes it is hard to discriminate between 
primary dip and the secondary kind of dip induced by deforma- 
tion. Ordinarily, lamime which have a primary dip as high as 
26® or 30® are cross-beds (84) in the main stratification, and, 
therefore, they are of limited length. When the geologist is 
doubtful whether he is dealing with primary or secondary dip, 
he should examine other outcrops in the vicinity, and partic- 
ularly laVge outcrops, since on these the wihjor structure may 
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be apparent.. Ooss-laminatioii is to be expected in eolian and 


fluviatile sandstones. 



Fia. 138. — Sections of strata ilUistrat- 


Primary dips of lower angle are 
distinguish(»d with less facility. 
In general, where cross-bedding 
is absent, the main stratification 
of coarse fragmental materials 
(sand or gravel) may ho expected 
to have an original inclination of 
2° to 5° or ev(*n 8°. This remark 
applies to piedmont alluvial de- 
posits, topset beds of small df^ltas 
and sand plains, beach deposits, 
etc. If the rocks of a region 
belong unquestionably to these 
types, and if they have* dips of 
these low angles, their inclina- 
tion is not suflScient reason for 
assuming that they have been 
tilU^d since their accumulation. 
On the' other hand, strata laid 
down with approximately hori- 
zontal attitude, now inclined at a 
low angle, have probably suffered 
slight deformation. 

To understand how to solve 


ing the relatione of primary di^) to defor- 
mation. A, cross-bedding in Its original 
position, with a primary dip of 30'*E. 
B, the same cross-bedding after it has 
been tilted eaet^-ard through an angle of 
30*; it now has a dip of 60*E. C, the 
same croes-bedding as that in A after it 
has been tilted 30* westward; it is now 
horisontal, in spite of the fact that the 
strata have been tilted. D, the same 
croes-bedding as Utai in A ^ter it has 
been tilted 80* westward; it now has a dip 
of 30*W. 


this problem, one must have a 
knowledge of the manner in 
which different kinds of sedi- 
mentary material are deposited 
and one must correlate dips and 
strikes in many outcrops, some- 
times over wide areas. Note 
that a single outcrop with a low 


dip, nr a small group of exposures yrith low dips, may be situated 


M t|ie axial region of a broad fold. 
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163. Amount of Tilting. — Provided beds were accumulated in 
a horizontal position, their dij) is a measure of the angle through 
which they have been tilted, in any given locality; but if they 
were laid down w'ilh a primary inclination, the amount of their 
rotation is not correc.tly expressed by their piesent dip. Figure 
138 illustrates three cases (B-D) wIktc the axis of tilting was 
coincident with the original strike of the strata when deposited. 

164. Direction of Forces. — While it is impossible here to ent/er 
into a discussion of the dynamics of folding, a word or t,wo may 
be said concerning the direction in which forces are supposed to 
have acted in the formation of folds. A monocline is often the 
product of a vertical or nearly vertical dlsplacem(»nt consequent 
upon crustal tension; or it may be an effect of local adjustment 
in the vertical bodily uplift of huge blocks of the lithosphere. In 
some cases basin folds may b(^ made by downsagging of th(' area 
deformed, and dome folds may be due to local upthrust or to 
peripheral settling. In this connec- ^ ^ 

tion it is well to bear in mind the ^ 

possible origin of folds through differ- ) I I 

ential compression (161, ^ 3). The ^ / / 

forces in these instances have acted 

vertically. / ( 

We have already mentioned the *4—— ^ 

two hypotheses for the origin of 

typical diastrophic folds (161, n 3). «orc<»',«tiiiKprobi.Wyinthe*en«f.l 
According to one the compressive 

force acted normal to the fold axes and according to the other 
this force was a component of a shear which operated oblique 
to the fold axes. 

An asymmetrical fold suggests an overthrust force acting from 
the direction toward which the axial plane dips, t.e., from the 
side of the less steeply inclined limb (Fig. 139). This force may 
have been a differential pressure applied through the mass of the 
folded zone or it may have been a drag consequent upon the over- 
riding of a more rigid superjacent body of strata (Fig* 131); for 
there is no reason for assuming that the dr^ folds must neces- 
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sarily be nmall because they are subordinate in a composite fold. 
The asymmetrical form of a fold might also be attained by an 
underthrust from the direction of the steeper limb (Fig. 139), 
a possibility which should be considered in reference to Mead's 
hypothesis of subjacent shearing ( 161 , 11 3). The condition of 
asymmetry depends upon a multiplicity of factors, such as initial 
surface features of the folded tract, original inclination of the 
strata, relations of force and resistance, and the like. 

166 . Significance of Minor Folds in Relation to Major Folds. — 
Reference is made here only to folds produced by earth stresses. 
In contorted schists and gneisses, rocks which have undergone 
severe dynamic metamorphism, the folding is very irregular and 
all the layers have shared about equally in 
the deformation. The plications approach 
the similar type, although not uncommon- 
ly one fold may be seen to narrow' and die 
out while beside it another broadens corre- 
spondingly. These are actually corruga- 
tions on larger folds and the larger ones 
may be superposed upon .still larger ones, 
and so on. Originating in the same period 
and under the influence of the same forces, 
these sets of folds are apt to possess like 
characters. Their difference lies princi- 
pally in their dimensions. Naturally we 
should expect to find that the minor folds 
pitch if the major fold pitches, and prob- 
ably in the same general direction. Care- 
ful study of these small folds may, 
therefore, suggest the nature of the larger 
structure of a region and serve to guide the geologist in the 
methods to be adopted in his field investigation (323). 

Drag folds' produced in the manner described in Art. 169 may 
help to unrav^ the major strucitire. Since their axial planes are 
inclined with the direction of differential movement, they suggest 
position of the major folds (Fig. 140), In a vertical dr steeply 



FiO. 140. — Drag foldii in 
an incompetent bed between 
two competent beds. Ac- 
cording to the rule, the 
competent layer on the left 
moved up with respect to 
that on the right. Conse- 
quently, these beds must be 
in the limb between an 
anticline on the right and a 
syncltne on the left, and the 
beds on the left must be 
atratigraphically above thoee 
cm the right. 
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dipping aeries this method also shows which is the top and which 
the bottom of the beds, for the younger and upper layers are 
toward the synclinal axes. (See also 226 and 229 on use of 
cleavage in interpreting folds.) 

166. Top and Bottom of Steeply Inclined, Vertical, and Over- 
turned Beds. — It is customary to assume that any layer in a 
series of strata is older than the overlying beds and younger than 
the underlying beds. When strata are vertical, their relative 
age cannot be determined by superposition. When they are 
steeply inclined this method of reasoning is unsafe, too, for they 
may have been turned beyond the vertical and thus be over- 
turned. Indeed, in very severe folding, beds may be tunned 



Fio. 141. — Sections of steeply dipiiinff strata as seen on a horisontal or nearly horisoiitnl 
surface. The younger (upper) beds in both A ard B are toward the south. Explain thin 
fact. 


quite upside down (Fig. 117, H), but rocks thus affected would 
presumably show signs of considerable metamorphisni. In 
the investigation of steeply dipping beds and metamorphosed 
strata of lower inclination, the geologist must therefore seek 
criteria other than superposition to demonstrate the true rela- 
tive order of stratification, or, as it is termed, the stratigraphic 
sequence ( 108 ). 

Geologic structures of assistance for this purpose are: (1) 
regional unconformity, with an associated basal conglomerate 
( 77 ); (2) local unconformity ( 81 ) (Fig. 141, A); (3) curved 
cross-bedding^ concave upward in the bedding and with the upper 
ends of each set of laminae truncated above by the next over- 
lying set ( 84 ) (Pig. 141, B); (4) gradational texture from coarse 
below to fine above in individual beds or laminae ( 87 ) ; (5) ripple 
marks, lJut not in all instances ( 84 , H); (6) the attitude of fossils 
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(98); (7) foHsil footprints; (8) mud cracks (68 )l; (9) raindrop 
impressions (69) ;(!()) the attitude of drag folds (166), of cleavage 
(228, 229), and of joints (228). 

Folds in Rklation To Their Time of Origin 

167. Age of Folds. — In a folded series of strata the deposition 
of the beds antedated their deformation. The folds are younger 
than the strata. Generally, joints and faults in such a forma- 
tion are youngc^r than, or contemporaneous with, the folding. 
They should not be regarded as older than the latter unless 
there, is definite proof of the fact. 

The g(^ologic age of folding is determined by correlation 
with strata of which the geologic age is known. In the district 
sectioned in Fig. 108, the folding was . post-Ordovician and 
pre-Dcvonian, for the strata (a) are deformed, whereas the 
overlying series (c) is not so. Both folding and erosion, as well 
as the intrusion of 6, must have occurred between the two periods 
of sedimentation. 

168. Two or More Periods of Folding.— To demonstrate that 
rocks have been subjected to two or more periods of folding 
is difficult if the evidences are sought in a conformable series 

of beds. Both complex folding and 
the superposition of small plications 
upon larger folds are phenomena com- 
contemporaneous origin. 

Berieu of folded Strata. The strata CrOSS-folding, SO-called — f.e., the dc- 
below the unconformity have been / .. ^ ^ i j 

through two periods of defer- lormatiou oi lolu axes — is not a 
”'***®”* criterion for a second period of fold- 

ing (Figs. 135, 136). Moreover, variations in the intensity 
of folding, parallel or normal to the main axis, are perfectly 
characteristic of crustal blocks deformed in one diastrophic 
period. The only safe criterion for two distinct epochs of folding 
is found in undoubted cases of angular unconformity in which the 
younger hed^ have been folded (Fig. 142). Here the older strata 
must have suffered from deformation twice, once to accoimt for 
til© gngle betw^n the two series, and agfun, when the overlying 
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beds were folded. The deiermi nation of siu^cessive, periods of 
folding requires widespread geologic inv(‘stigation and careful 
correlation of the observed facts. 

169. Folds That Originate in Unconsolidated Sediments.- 
Thcre are several ways in which folds may be produced in beds 
prior to consolidation. Some such plications fall under the head 
of contemporaneous deformation (83); others do not. Likci 
cross-bedding and other primary structures, they may be pre- 
served during the lithification of the strata in which they are 
formed, so that their occurrence is not limited to unconsolidated 
materials. In any case they are of peculiar interest in denoting 



Fio. 143. — Section o4 contorted fine sand and laminated clay overlain by like sedirnent-H 
which are not deformed, ah, line of local unconformity. The shape of the folds indieatCN 
that the deforming agent moved from left to right. What is the significance of the fact that 
the folds die out downward? (Length of section about 2 ft.) 


certain conditions under which the sediments were deposited. 
Ten varieties are described below and an attempt is made to 
point out criteria which may be of service in the'ir interpretation. 

1. A block of ice floating in a lake or in the sea may scrape 
over the bottom and rumple up the muds and fine sands which 
are in process of accumulation (Fig. 143). Folds and faults 
thus produced are examples of contemporaneous deformation. 
When formed, they are confined to a relatively thin upper zone 
and they die out downward. Upward the folds are sharply 
truncated by the surface of erosion made by the berg, and 
they are overturned in the direction of its motion. Since 
deposition of the mud or sand continues after the passage of the 
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ice, the oroHion surface* is soon buried and so becomes a local 
unconformity. 

A aeries of beds exhibiting this kind of contortion is usually 
characterized by fine texture, by thin, uniform lamination, and 
by gc*ncral regularity except in (he crumpled zones of the type 
just described. These zones may b(* few or many, according 
to th(* size and number of the bergs which made them. They 
ar(‘ not apt to be of great extent in the plane of the main b(*dding. 
In formations that exhibit these features, search should be made 
for isolated bowlders (93) and other evidences of the association 
of ice in the work of deposition. 

2. In the forward motion of glacier ice on land the ice may not 
only erod(*, but also dislocate, aqu(*oglacial sediments which have* 



Fxu. 144.— Till overlying folded nqueogladal strata, aft in a lino of unconformity. The 
folding and the proeioii, oft, wore performed by lee moving from loft to light (Length of 
nection about 200 ft ) 


bec'n laid down in front of the advancing ice margin. A thickness 
of several feet of strata may be affected; the sediments are not 
limited to uniformly laminated fine sands and elays; and till 
often rests upon the eroded surfaee that truncates the deformed 
beds (Fig. 144). Many examples have been eited, in the litera- 
ture, of glacial clays, esker and kame gravels, and other bedded 
deposits, which have thus been scoured and deformed. Overrid- 
den clay beds sometimes reveal grooves and .scratches on the 
surface of unconformity, if this has been exposed. Overturned 
folds and reverse faults show by their attitude the direction from 
which the ice thrust came. This stnieture may also be classified 
as contemjwraneoiis deformation. 

3. A structure very similar to 2 is that of outwash beds which 
were spread out before a retreating glacier and were subsequently 
pvenidden and deformed by a new advance of the tee. The 
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time (JapH<*d betwecm the deposition of the strata and their 
erosion may have been sc^ores, hundreds, or even thousands of 
yeai*s, so that this can hardly be called an example of contem- 
poraneous deformation. The discrimination between the fold- 
ing and erosion effected by ice moving over its own frontal 
outwash and the folding and erosion performed by ice moving 
over the retreatal deposits of an antecedent advance requires 
careful search for the critciria listed in Art. Ill, 

4. During the winter season in northern climates, the expansion 
of the ice covering of ponds and lakes is relieved by crowding of 
the ice up the beach. This process, for which evidences may be 
seen in the bowlder piles of walled lakes, may be accom- 
panied by slight erosion and by deformation that may be called 
contemporaneous, provided the disturbc?d sc^diments constitutf^ 
the bea(;h. In most cases the ice probably rubs up over the 
beach niaterials, but it may carry along some sand and gravel 
which have been frozen into it, or it may push up a ridge in front 
of it. The overridden layers are apt to be crumpled and dragged 
forward, so that small folds are overturned landward. They 
may be truncated above by an erosion surface (local uncon- 
formity) ; downward they grade into the uncontorted beds. At 
most this folded zone can be but a few feet in thickness, and 
between winters it is likely to be reworked and spread out by wave 
action. Normally only a narrow strip of sediments along the 
beach can be handled in this way; but if water level rises or falls 
during a succession of years, the effects may be distributed 
over a much wider belt. Stationary water level would result in 
excessive disturbance of the same materials; falling water level 
would result in the exposure of the contorted beds to erosion by 
rainwash, etc. ; and rising water level would bring the deformed 
zone of each winter beneath the water surface where it might be 
preserved by subsequent lacustrine deposition. 

5. When ice crowding occurs in swamps, muds and organic 
materials may be contorted on a broad scale. 

6. By alternate freezing and thawing, sediments that are 
ordinarify soaked with moisture suffer repeated expansion and 
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conlraction which may occaaion local deformation in them. 
Properly ape^aking this would not be conkmporanaous unless the 
time interval between the deposition of the sediments and their 
deformation w(^re comparatively short. 

(k)ntemporan(»ous deformation originating on lake shores, in 
marshes, and in water-soaked sediments, is not necessarily 
associated with a capping surface of unconformity produced by 
the slight shove of th(‘ ice. It is much more probable that the 
folds will die out both downward and upward. They will grade 
upward into a zone in which any original bedding was destroyed 
by the upheaval and settling of the loose grains and pebbles. 

7. Mud flow is a possible cause of folding in unconsolidated 
beds. The coefficient of friction is so low in moist clays and 
muds, especially under water, that slipping may be induced 
even on slopes of only 2® or 3°. The “flow^^ may bo distributed 
in the form of contortion through the thickness of one* or more 
beds. As might be expected, the folds arc overturned toward the 
direction of motion. Sometimes this distributed eVumpling 
develops into an actual sliding of the overlying mud or clay along 
a surface that truncates the tops of the little folds and lies approxi- 
mately parallel to the Ix'ddiiig. The re sulting structure, though 
closely resembling the contemporaneous deformation due to 
grounding ice blocks, is likely to be of wider extent in the plane 
of stratification. Isolated bowlders and other evidences for the 
former presence of ice might serve as a means of discrimination 
were it not for the fact that there is nothing to prevent mud flow 
in bodies of water in which icebergs are floating. 

8. Valley strata of various kinds, generally fluviatile, may be 
tom up, folded, and eroded by the sudden deployment of an 
avalanche. A vertical section would show the heterogeneous 
avalaiiche material rcisting unconformably upon the distorted 
beds. 

9. Removal of mineral matter in solution from a rock which 
is undergoing decomposition may lead to irregular settling and 
Oontoriion of overlying strata. Increase of volume induced by 
dfecompexsition may crowd and fold rocks near the surf acA Plica- 
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tions formed in i,hc8e ways are not overturned in any partieular 
direction. 

10. Monoclinal folds, and sometimes more involved folding, 
may be produced in unconsolidated beds as an effect of faulting 
in the subjacent rocks. 

In neither 9 nor 10 is local unconformity genetically associated 
with the deformation, and in neither instance is this deformation 
contemporaneous, as the term has been dc'firu'd. 

170. Discrimination between Folds Originating before and 
after Consolidation. — In folded shales, clay slates, and sand- 
stones, and occ.asionally in other elastics, some difficulty may 
be experienced in deciding whether minor folds were produced 
through superficial agencic^s or through earth strr(\ssr‘s, in other 
words, whe^ther they are to be interpreted as evidenc(\s for condi- 
tions of sedimentation or for conditions of diastrophic deforma- 
tion. Unfortunately, there seems to be no constant and striking 
character peculiar to either class of deformation. Yet certain 
• features may be noted, which are suggestive of one origin or of 
the other. 

In the first place, superficial folds, having an origin unrelat(‘d 
to stTCsses and strains within the earth^s crust, have no direct, 
structural relation to the major deformation in th(^ neighborhood. 
Herein they differ from minor diastrophic folds, but the fact is 
not always easy to ascertain. Second, superficial folds arc often 
much more disorderly and involved than diastrophic plications, 
because there is less opportunity for readjustment under the 
pressure and confinement of relatively groat depths. Again, 
superficial folds are usually localized in hedn which are overlain 
and underlain by uncontorted strata. Very often the crests of 
the anticlines are bevelled off by a surface of contemporaneous 
erosion (iceberg, glacial ice, shore ice, landslide) or by a sh^r 
plane (mud flow, etc.), and more rarely the troughs of the syn- 
clines at the base of the folded zone are truncated by a shear 
plane; whereas small diastrophic folds commonly die out gradu- 
ally upward and downward into the less deformed strata. 
However^ there are exceptions in which, both upward and down- 
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ward atratij^raphically, suporfirial folds pass into uncontortrod 
hods, and, on the ot.her hand, diastrophic plications may be found 
in layers that arc truncated above and below where there has 
been shearing of the undeformed beds over the crumpled zone, 
and of the cnimpled zone over the subjacent undeformed beds. 
Truncation, then, is not a safe criterion. 

The discrimination of these two kinds of folds is not a question 
that is likely to arise in the case of metamorphic rocks, flat- 
lying lithified sediments, or unconsolidated strata. In schists 
and gneisses any original plications that may once have existed 
have probably been masked beyond recognition. Minor contor- 
tion in metamorphic rocks is generally diastrophic and is usually 
of the similar pattern (Fig. 129). Highly crumpled layers or 
zones in flat-lying, unmetamorphosed strata, otherwise unfolded 
or only broadly warped, are pretty surely of primary origin. 
One important exception to this statement must be made: faults 
in the lithosphere may cause slips and accompanying local crum- 
pling in the superjacent mantle rock. 

Folds in Relation to the Land Surface 

171, Topographic Exp^ression of Folds* — Provided folds are 
large enough and provided they are in strata of diflFerent degrees 
of resistance to erosion, they may exercise a marked control 
upon the form and distribution of hills and valleys. The harder 
beds stand up as ridges, and the weaker ones underlie longi- 
tudinal valleys (see Figs. 406 and 407). After long erosion the 
ridges may be carved into ranges of hills with intervening trans- 
verse valleys. If the axes of the folds are parallel to the general 
surface of the ground, the ridges and longitudinal valleys will 
have a parallel trend; but if the axes pitch, the ridges will zigzag 
back and forth, always pointing up the pitch in synclines and 
down the pitch in anticlines (Cf. Fig. 124). In denuded dome 
folds and basin folds, the ridges and valleys are closed concentric 
curves (C3f* Fig. 123).^ In gently dipping beds that have been 

' ' Salt domes (161.) are seldom strongly marked on the earth’s surface. 

, where the deejper strata invaded by the salt may have been displaced 
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inmcated by erosion, no matter what the shape of the fold may 
1 ) 0 , the hard layers stand out as ciiestas, and in steeply inclined 
beds these hard layers form hogbacks (278). 

172. Breadth of Outcrop Defined. — The breadth of outcrop 
of an exposed bed may be defined as the distance between th(» 
stratigraphic top and bottom edges of the bed measured oYi the 
surface of the ground perpendicular to the strike (Fig. 146, at, 
cd). 


a b 



D 

Fig. 145. — Sections illuHtrating variations in breadth of outcrop (ab and ed) of strata. 

The tiiicknesH of the beds in all four diaicruiiiH is the same. 

173. Effects of Topography on Breadth of Outcrop.-- Figure 
146, A-D, will explain more clearly than words how the breadth 
of outcrop of a stratum may be modified by topographic varia- 
tions. The essential points to notice are: (1) that breadth of 
outcrop is least when the surface of the ground is perpendicular 
to the beds; and (2) that the more obliquely the surface bevels 
across the beds, the greater is the breadth of outcrop for a 
stratum of given thickness. (What would be the dip of a bed 

many hundreds of feet, the surface expression of the dome may be only a 
low hill (Fig. 414). Sometimes the ground may be level, or again there 
may be a depression with or without a lake, probably due to partial solu-* 
tion of the salt plug at its top. The presence ur an underlying salt dome 
may be manifested at the surface by springs of salt water or sulphur water, 
or by seetfitges of marsh gas or sulphur gas. 
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whose thickness is half its breadth of outcrop on a horizontal 
surface?) 

174. Effects of Topography on the Distribution of Outcrops. — 

When strata are exposed on an uneven land surface, the trend 
of their outcropping edges varies according to their attitude. 
The edge of a horizontal bed bends out round the spurs and in up 
the valleys (Fig. 146). If it is followed upstream on one side 
of the valley, it is found to approach and finally cross the stream 
and then turn back on the other side. Isolated hills in the region 
may be mesa-like, with the same beds exposed all round (278). 



F'ig. 146 — Effects of topography on the outcropping edges of horizontal strata. 

Vertical strata outcrop in regular bands which trend straight 
across hills and valleys with no relation to the topography (Fig. 
147). If beds are inclined, they outcrop in parallel zigzag 
belts with elbow-like bends which arc situated in the valleys and 
on the spurs (Figs. 148, 149). In the valleys these bends point 
down the inclination of the strata, as measured in the general 
direction of the valley, unless the angle of this inclination is 
less than the gradient of the stream.^ In the latter case, which 
is very rare, the bends point up the inclination. (What will be 
the effect if inclination of beds and valley gradient are equal?) 

* If the strata strike perpendicular to the trend of the valley, this “inclina- 
tion*' is approximately the true dip; otherwise it is a component ^f the dip, 
:lalu(ti along the valley trwd. 
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It is to \)v ()l)s(M’vod that tho fort'goinj; rules, although n^forring 
to strata which arc theoretically of uniform thickness, are eciually 
applicable to either the top or bottom surface of any given bed, 



I'lQ. 147. — Effects of topography on the outcropping edgen of vertical strata. 

and to any relatively even surface of unconformity. The dis- 
tance between the outcrop lines of any two paralhd bedding sur- 
faces, i,e.y the breadth of outcrop, varies according to the slope 
of the ground as described in the preceding article. 



Fio. 148. — Effects of topography on the outcropping edges of strata dipping doWnstream. 

176. Traverses across and along the Strike.— Unless the 
undergrqund structure of a district on sedimentary rocks is 
exceptionally complex and irregular, a brirf study of two or three 
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outcrops should suffice to show in which direction one should walk 
in order to follow along, or to cross, the strike. In a flat country 
eroded upon folded strata, and in a hilly country where the strata 
are vertical, the geologist, would keep on the same bed were he to 
travel parallel to the strike; but if the topography were rugged 
and the beds dipped less than 90°, he would come on to younger 
strata in climbing the hills (a-c. Figs. 148, 149) and on to older 
strata in descending into the valleys (c-a. Figs. 148, 149), pro- 
vided, again, that he travelled along the trend of the strike. The 
object of a traverse along the strike is to assist in determining: 



Via. 140. — ^Effects of topography on the outcropping edges of strata dipping upstream. 

(1) the distribution of the strata; (2) whether the strike curves 
and so indicates pitching structure (167, 160) ; (3) whether the 
strata are continuous or have been faulted (192); and (4) the 
constancy of the dip of a given stratum. 

In traverses across the strike in regions of folded sediments, 
whether the topography be flat or rugged, successive strata 
are met. The object of this kind of traverse is to ascertain: (1) 
the breadth of outcrop; (2) the nature of the folding; (3) the 
position of anticlines and synclines; and (4) variations in the dip. 

176. Sequence of Strata in a Cross-stkke Traverse. — ^As may 
be noted in Fig, 150, in synclin^ relatively younger strata, o, 
lie between tlie older, subjacent beds, 5, and in anticlines older 
strata, c, lie between younger superjacent strata, b. Ii\all cases 
where the surface of the ground is parallel to the beds or 
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where it slopes in the same direction as, and more steeply than, 
the dip of a series of inclined beds, successively younger strata 
are traversed in walking across the strike in the direction of the 
dip. 

177. Correlation of Outcrops. — An outcropping stratum which 
is conspicuously and continuously exposed, or is exposed 'w4th 
only slight breaks in its continuity, ^ ^ 

can be traced on the ground with- ^ ^ 

out difficulty. This is called 
“walking a bed” (310, 317). When 
beds are exposed only in isolatx^d 
outcrops, or in far-separated ledges, 
these exposures must be carefully 
studied and correlated with one an- 
other to determine their proper rela- 
tionship*. Correlation may be necessary from outcrop to out(;rop 
along the general trend of the edges of the strata, either along the 
strike, or along the direction of dip, or in some direction oblique 
to strike and dip. This statement may be understood if the 
reader will imagine that the sandstone layers in Figs. 146-149 are 
exposed only in detached outcrops. Rocks may have to be cor- 

a b e 


Fio. 151. — Sention to illustrate the methods of correlation of strata observed in different 

outcrops, a, b, c. 

related acrosH a fold, as indicated in Fig. 151, where the sandstone 
outcrops at a, b, and c, are found to belong to the same stratum. 

In cases of the two kinds just mentioned, the correlation of 
outcrops, being over areas of comparatively small extent, may 
be called local correlation. Where the relationship of rocks is 
studied over or across extensive areas, as in the entire Gulf 
Coastal Plain, or across the Rocky Mountains, the correlation 
may be termed regional (822). 



Fig. 160. — Election illuHtratinfC tin'* 
poHiiion of Htrata in eroded folds, a, 
yoiinRCHi bed in Hection; b, beds of 
intermediate age; c, oldest exposed 
bed. 
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FRACTURES AND FRACTURE STRUCTURES 


FRACTURES IN ROCKS 


178. Relations of Fractures to Zones of the Lithosphere. — 

When a mass of rock is not strong enough to resist forces that are 
tending either to compress it or to stretch it, the rock suffers 
deformation. The change of form is brought about by flowage 
in the deeper parts of the lithosphere and by fracture in the upper 
parts. As pointed out in the foregoing chapter, the zone of 
fracture for any particular rock seldom coincides with that for 
another, because rocks differ in their capacity to “flow^^ under 
stress. However, since every rock which has been naturally 
exposed through erosion is within its zone of fracture, outcrops on 
the earth^s surface are invariably and conspicuously traversed by 
cracks. A large majority of these fissures belong to the class 
called joints. Other types of rock fracture are faults, fracture 
cleavage, and breccia structure. Besides these there are certain 
kinds of fracture which are principally the effects of surface 
agencies. Such are crescentic fractures of glacial origin, exfolia- 
tion cracks along which spalls separate from a disintegrating 
rock, etc. 

FAULTS 


Terminology and Classification* 


179. General Nature of Faults. — A fauU may be defined as a 
fracture along which there has been dipping of the contiguous 
masses against one another. Points formerly in contact have 


* The authdllr has drawn freely from Bibliog., Ram, H. F., 1913. In a few 
ea^ he has slightly modified tlie definitions as given therein, buf^the fact is 
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been dislocated or displaced along the fracture. Solid rooks or 
unconsolidated sands, gravels, etc., may be dislocated in this way. 
Faulting may result from compression, tension, or torsion. 
Some faults in loose or weakly consolidated clays, sands, and 
gravels are produced by the removal of a support (201) • 

In many cases, especially near the earth’s surface, the process 
of dislocation is probably intermittent, although the stresses 
may be applied continuously and uniformly. This is because 
the rock does not break until its resistance is overcome. Then it 
gives way suddenly, and the relief is followed by another period 

of quiet during which the 

stresses again accumulate 

until they occasion another y 

movement, generally on the { — 

old fractures. Thus faulting ^ 

may be accomplished, a little 

at a time, until the tension or [ — ^ 

the compression, as the case 

may be, ceases to be opera- , . ^ ^ , . 

, . . Pia. 162. — A fault dyinx out and panHing into a 

tive. When the release is monofUnal fold at Ita two endn. 

abrupt, the lithosphere is 

jarred and we say that there has been an earthquake.^ Other 
things being equal, the greater a single movement is, the more 
violent is the shock and the farther do the perceptible earthquake 
vibrations travel from their place of origin. The displacement 
responsible for an earthquake is seldom more than a few inches, 
although occasionally it amounts to several feet; yet the sum of 
all the slipping that has occurred along a fault may be many 
hundreds or even thousands of feet. 

If traced far enough a fault is found normally to die out at 
its two ends (Fig. 152). Consequently its displacement is 
apt to be at a Inaximum near the middle of its length, diminish- 
ing toward its extremities. Measured displacements vary from 
microscopic to many miles, and in length faults range also from 
microscopic to hundreds of miles. 

^ Not alP earthquakes are m caused. Some are due to volcanic disturb- 
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1^. 158 . — hUp fh^niikg diafribuiioii of the faults in eertain eountfes tn Oklahoma. 
Cmeed from the Stete Qaologie Map.) The numbete on the tight are toemships north, and 
lioieiii the lower margin am ranges east. (See Appendix Vn.) 
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In some dislricis there is a tendency 
for faults to occur in groups, or zones, 
within which the individual fractures 
not only possess manj'^ features in 
common, but also bear definite rela- 
tions to one another. Thus, in Osage, 
Creek, Okfuskee, and adjoining coun- 
ties in Oklahoma (Fig. 153), and like- 
wise in eastern Texas (Fig. 154), there 
are fault zones in which the separate 
faults are arranged in overlapping 
order. Faults (or other features) 
which overlap in this manner are said 
to be en echelon. These zones usually 
trend about parallel to the regional 
strike of the strata. There can be no 
question that a majority of the faults 
in such groups or zones are effects (rf 
a common cause, which may be local 
settling over a deeply buried ridge; or, 
horizontal movement along steeply 
dipping faults in the basement; or, 
perhaps more commonly, regional 
twisting or torsion during uneven 
uplift or uneven subsidence involved 
in broad movements of the earth’s 
crust. In the latter case, the twisting 
was probably such that there was rela- 
tive tension more or less at right angles 
to the individual faults, and relative 
compression roughly parallel to them,^ 
IM. Terms of General Application. 
The characters of a fault are generally 

a discussion of this subject, see 
Bibllog.: Fath, A. E., 1020; Folsy, Lyndon 
L., 1926; t^iNK, Thno. A., 1929; Cahsb, F. 
H., 1929, p. 257; and Shbrbiu^, R. E., 1929. 




h 

, GR0ES5ECK 

A <5? 

Fia. 154. — Sketch map ehowiiig 
distribution of major faults, a 
to t, in the Mexia fault lonc. 
Texas. Faults j and k are In the 
Tebuacana fault xone. These 
faults are designated by die feA- 
lowlng names: a. Basette; 6. 
Powell; e. Richland; d. North 
Currie; s. South Currie; /. Wor- 
tham; Klexia; 4. North Oroei- 
bedc; t*, South Qrosol^oclu 
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different in different places. An illustration of this statement 
is the varying amount of displacement shown in the fault in 
Fig. 152. Consequently mo.st of the terms in use refer only 

to the part of the fault to which 
they are applied and not necessarily 
to the fracture as a whole. This 
must be kept in mind in connection 
with the definitions given below. 

The contiguous surfaces of the 
two bodies of rock that have been 
displaced, in faulting, are called the 
walls of the fault. The upper wall 
of an inclined or horizontal fault is 
B t he hanging wall, and the lower one? 
is the foot wall (Fig. 155). When 
n»f erring to these surfaces 'in con- 
tact with one another, or to either 
one, separately, we may speak of 
th(‘ fault surface or the surface of 
faulting.^ 

Although ordinarily fault walls 




B 

Fio. I.Vi.— ViTiicttl Hfs'tiuits of a 
noniial fault anti a rovertto fault 
(H). Ill earh Kgur<» w thf? dip and 
bat in the* hadf' of the fault. The wall 
on the ia the hanipnic wall and 
that on th« riicht ut the f<iot wall. If 
the aeciion ta aanuint^d to ho porpen- 
dioular ihi* atrlke of the fault, in 
oach caae, 6e i» tho hoave and a« ia 
tho throw. The arrows indicate the 
direotioii of motion of the hlorka. 


are irregular in their minor details 
(188; 369 11)9 when looked at from 
a large point of view, they may be 
relatively flat or undulating. 
Their minor irregularities some- 
times give rise to open spaces in 
which vein minerals may subse- 
quently l>e deposited. The frac- 


ture is not always cleanout and definite, for there may be more 


or less crushing of the wall rocks during the act of slipping. 


* The reader ts reminded that the accompanying illuatrations arc diagram- 
matic. In the field fault sonca may be found instead of the fault surfaces 
herein figured;, and they may have much less regularity in direction an^ 
ehaiN}. Ultfoiiunately., fault phme has often be^ used for fault surface, 
in nature, no fault surface is a plane. * 
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Finely pulverized rock flour of this origin is gouge. Coarser 
material, consisting of fragments of various sizes, usually associ- 
ated with a more finely crushed matrix, fault breccia (Fig, 156, 
C). The layer of gouge or breccia is termc*d the fault zone or the 
shear zone,^ If such a shear zone is present, the walls are 
separated by the width of the zone. These fault zones may 
have vein minerals deposited Ix^tween the fragments (223). 
The displaced masses on either side of a fault may be called 
fault blocks, A horse (Fig. 156, A) is a large fragment of rock 
brok<*n from one Idock and (‘aught between the walls of th(^ 
fault. Sometim(‘s b(»(lding, or som(‘ other parallc^l stnieture in 
the fault blocks, has been turned up or draggc'd against the 
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Kiii. 15G. — Sf'ctions of faultH MhowiiiK, in A, a “home"; in B, <JraK produrrcl by bendiui) 
and in C, drag produced hy hrcociation. 

fault walls during the differential movement. Minor folding 
of this kind is calk'd drag (Fig. 156, B). It is frequently well 
(‘xemplified in faulted unconsolidated beds. It may prf>duce 
sharp changes of dip and strike (drag dips and drag strikes) in 
the vicinity of a fault. The term is also applied by miners tfi the 
stringing out of fragments of a disrupted dike, ore body, etc., 
along the fault (Fig. 156, C). In the actual slipping the blocks 
may scratch, groove, and poii.sh one another. The scratchcis 
are known as slickensides. Some geologists apply the name 
slickensides to both the polish and the scratches togetln^r. 

Fault lirwj fault trace and fault outcrop are used synonymously 
for the intersection of the surface of the ground with a fault. 

The words attitude, strike, and dip are used for faults in the 
same way as for strata (12)i and they may be applmd to a 

^ Not to be confused with the gmups of rekted kuits called fauU senes 
(p. 203 ). 
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Hharp fracture or to a shear zone (Fig. 156). The hade of a 
fault, or of a shear zone, is the complement of the dip, i.c., it 
is the vertical angle between the plane of the fault and a vertical 
plane containing the strike of the fault (Fig. 166, cab). In the 
interest of uniformity, when referring to the attitude of a fault, 
dip is to be preferred to hade. In other words, it is better to 
measure the inclination of a fault downward from the horizontal. 

181. Kinds of Displacement . — Displacement and dislocation 
are words used only with a general meaning in this book. When 



Fio, 157. — DiBpUoements of a fault. The upper and lower surfaces of the block are 
horisontal. The triangles ohe and adb are in the fault plane, ea/. ah, slip; ae, dip slip; ch, 
strike slip; ad, perpendicular slip. (After H. F. Reid, with modification.) 

more accuracy is desirable, slip, shift, and separation may be 
employed, with or without qualification. Slip, or net slip, 
is “the relative displacement of formerly adjacent points on 
opposite sides of the fault, measured in the faidt surface"^ (Fig. 
157). If there is drag or other distortion along the fault, the 
slip is not equal to the displacement that affects points situated 
outside the immediate zone of dislocation. This is illustrated 
in Fig. 158, where db is the slip and de is the displacement of the 
prant, e, in moving from its former position, d. This distance, 
de, is called the tkift. It is distinctly greater here than the slip. 
Figure 159 shows another example of shift. “The shift is of 

; * <^otatioB8 in this article are taken from Bibliog., Rxin, H. F., 1013. 
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greater importance in the larger problems of geology than the 
slip/' *‘The separation of a bed (Figs. 160, 161, 162), vein, or of 
any recognizable surface, is the distance between the correspond- 
ing surface of the two parts of the disrupted bed, etc., measured in 
any indicated direction. The distance must be measured 
between the corresponding surfaces on the two sides of the fault — 
for instance, between the upper surfaces of the two parts of the 
disrupted bed or between their lower surfaces— -but not between 



F'lo. 158. — Slip and Hhift of a fault. The Fio. 150. — Shift prodiicMl by a 

ciirvatun^^ of the bede b drag, ah, elip; he, dip multiple fault, de, ahift; ef, dip ehift; 

Blip; ae, ntrike clip; de, shift; /e, dip shift; df, df, strike shift. (After W. Lindgren.) 

strike shift. The words “dip” and “strike” 
are used for the components of slip and shift 
which are parallel to the dip and strike, respec- 
tively, of the fault, (.\fter ii. F. Reid, with 
modification.) 

the upper surface of one part and the lower surface of the other. 
Moreover, the surfaces considered must be parallel with the 
general extension of the bed, vein, etc., such as the upper oi; lower 
surface of a bed or the walls of a dike. 

'*The vertical separation is the separation measured along 
a vertical line (Figs. 160, 161). 

“The horizonttd separation is the separation measured in any 
indicated horizontal direction. 

“The normal horizontal separation of a bed or other surface 
is its horizontal separation measured at right an^es to the 
strike of the bed, etc. It is frequently determined from the 
outcropi of the bed at the surfaee of the ground; H is then usually 
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called the offset of the bed.” If A and B, in Fig. 162, represent 
the ground plans of oblique faults on a level surface, be, and 



Fiq. L60.— ‘Di^iplttceineiitH of a diagonal fault, ab, slip; he, vertical separation; ae » de, 
horisontal separation along the strike of the betiding (gap); ad, trace of bedding on fault 
surface; be, offset. 


FkQ* 101. — Displacements of a diagonal fault, ab, slip; be. vertical separation; cie * be 
liodsontal separation along strike of bedding (overlap); od« trace of bedding on fault surface; 
(fi, offset. 



hot hd, would be the offset of the bed. bd would be the Iwrizontal 
il^M^rsUon along the fault strike, de, in the same figures, would 
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be called the gap and overlap of the bed, respectively; they are 
measured parallel with the strike of the bed. 

“The perpendicular separation is the distance between the 
planes of the two parts of a dislo<;ated had or other surface meas- 
ured at right angles to these planes,” 

“The measures which will be most commonly made arc* the 
offset at the surface, and the vertical and horizontal separations 
in shafts and drifts, respectively” . . . 



Fio 102. — Offset, gap, and overlap. A ia a idan of tho Mtructuren which would he hpcu 
iu the plane xyg of Fig. 160; B hao a like relation to Fig. 161. he, offnet; de gap in A. and 
overlap in B. Obnerve the ayinbola for dip and atrike of the bedding. 

“It is extremely important clearly to distinguish betwcjen the 
slip and shift and the separation. The first two refer to the 
actual relative displacement of the two sides of the fault, the last 
to the relative displacement of the surfaces of the two branches of 
a dislocated bed, etc. 

“Movements of one side or of both sides of the fault parallel 
with the plane of a bed would not alter the separation of the 
bed, but would materially alter the slip and shift.” 

By throw is meant “the vertical distance between corresponding 
lines in the two fracture surfaces of a disrupted stratum, etc., 
measured in a vertical plane at right angles to the fault strike. 
The heatfe is the horizontal distance between corresponding lines 
in the fracture surfaces of a disrupted stratum, etc., measured 
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at right angles to the fault strike” (Fig. 155). A vertical fault 
can have no heave and a horizontal fault can have no throw. 

The several terms defined above for the displacement of a 
fault, measured in various directions, refer to a single line, or a 
single surface, disrupted and separated in the movement. 
Because faults may die out upward, downward, or laterally and 



I'ltj, Kui.— C>()H8 Bf.ciiolis of two faults. In A, the fault (lien out upward; in B, it dies out 
downward. In both caaeH, as it dies out, it paases into a flexure. * 


b(‘causo tho broken strata or othi^r rock materials may vary in 
rigidity, there may be considerable variation in the amount of 
displacement on the same fault, measured between points 
formerly in contact, at successively higher or lower levels in the 
disrupted mass (Fig, 163). 



182. Classification of Faults. — Faults are classified according 
to: (1) the nature of their displacement; (2) their distribution; 
and (3) their relations to disrupted bedding or other parallel 
structures. 

1. In any rock formations a dip-slip fault has its net slip essen- 
tially in the line of tho fault dip (Fig. 164, A); a strike-sf ip fault 
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has its net slip along the fault strike (Fig. 1()4, B);‘ and an 
oblique-slip fault has its net slip anywhere' be't.ween the dip line* 
and the strike of the fault (Figs. 157, 158). A normal fault is 
one in which the hanging wall has apparentlj’' slipped down 
with respect to the foot wall (Fig. 155, A), and a rei^erse (not 
‘‘reversed^^) fault is one in which the hanging wall has apparently 
moved up with respect to the foot w^all (Fig. 155, B). We say 
‘^apparently ” because sometimes a normal fauit may result from 
relative uplift of the hanging w'all and a rev(‘rse fault may be 
produced by relative depression of the hanging wall (Fig. 1G5). 
It is not always true, then, that there is (^xt^ension of territory by 



Fig. 105. — On the left, reverse fault produced by depression of the hangitiK wall; on the 
rieht, noT’.iinl fault pri^ucpd by uplift of the haiiffitiR wall. 


normal faulting, as if tensile stre.sscs had operated, nor that there 
is contraction of area in reverse faulting, as if due to compression. 
“Normal” and “reverse” should “be used purely for purposes 
of description and not for the purpose of indicating extension or 
contraction, tension or compres.sion, vertical or horizontal 
forces.”^ A fault due to gravitative settling, resulting from 
tension, is called a rifV Thrust may be reserved for faults that 
are demonstrably due to compression. Three varieties of thrust 
are noted by Willis; (a) break thrusts, when the fault follows a 
previously formed tension fracture (Fig. 1G6); (6) shear or stretch 
thrusts, when the break follows the sheared and stretched under- 

' Although ''rift” is used for a tension fauit, the displacement of which is 
due to gravitational subsidence, the term has also been applied to strike-slip 
faults and to valleys caused by such faults fsee Art. 264 ). 

» Bibhog., Bbid, H. F., 1^13, p. 178. 
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limb of an overturned fold (Fig. 1(»7) ; and (e) rromni thrusts, when 
the compei.(‘nt layer carrying the thrust is weakened by erosion 
at or near the crest of the anticline (Fig. 168).‘ A thrust having a 



B 

Fici. 100.-— SectionH illustrating tho origin of a break thrust. The position of the over- 
thrust fault shown in B was determined by the fracture represented in the massive limestone 
bed in A. (After H. Willis.) Observe that in this kind of faulting, and also in the varieties 
shown in F'igs. 107 and 168, older rocks come to lie above younger rocks. 

relatively high angle of dip is a ramp. An overthrust is any thrust 
fault having a low dip (large hade) (Figs. 166-168). 

Overthrusts are very common in regions of intense folding. 
Their displacements may amount to several miles. ^ They have 
been traced as single faults for as far as 200 miles, or (»ven more. 



A B C D 

Fxo. 167.— Development of a stretch thrust from an overturned fold. (After B. Willis.) 

The overlying block, or sheets is termed a nappe (pL, nappes), or 
decke (pK, decken). Because of successive overthrusting, several 
of these sheets may be shoved, one upon another, so that they 
overlap, shinglelikc. The surface (foot wall) on which a fault 
^aheet rests is referred to as a sole. 

^ Bibtiog., Willis, B., 1802, pp. 222-223; Leith, C. K., 1913, pp. 46-48. 
Btbliog., BbvaK, A., 1929, p. 447; also Wilus, Bailey, 1923! 
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STRUCTURES 


The overlying sheet (hanging wall) of a low-angle ^ 

their disnlaccment essentially horizontal. Ihcsc arc siriKo 1 1 
fLt,s (see •! 3. liclow), which, in this particular association, 


i-alled It-ar faults. 

Low-angl(! thrust faults arc 
cross sections may appear as 


commonly irregular, and their 
undulating lines (Fig. 216) even 




Fio. 168.— S«rtion« .‘‘j® A.* where u 

thrust j*huwn in B watt deterinmetl by e »carp. The force gctrCii from nght 1 “ 

Teft;^ allpp^ to haTcontinued during the faulting. (AfU»r B. WUlia,) 

when they preserve their original form. ' Howei^r^^^^^^ 

sliding of the hanging wall aver a p^ive foot 7* ' 
relations might be brought about by shdmg of the f^t wal 
ITI a paadve hanging wall. The former is 
latter uJerthrustinn. That overthrustmg has probably mcu^ 

inmost cases is suggested by these facte*: (1) the relative direction 

iBibliog., Nhvin, C. N., 1936, pp. 130-133. 
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of movement of the lianging wall is usually in the direction of 
convexity of the trends of associated arcuate folds, and the axes 
of such folds curve outward, away from the deforming force; (2) 
there would be less resistance to the lifting and sliding of an 



Fig. 169. — Crofw; sAf’tion showing succeasive stages (1 to IV) of thrusting in the eastern 
part of the Canyon Mountain area, Montana. In each stage the dashed line indicates the 
position of developinotit of the next thrust. Stage 1 shows the hypothetical condition 
before thrusting, with two anticlines truncated by erosion. A shear, propagated from the 
pre-Cambrian (Agn) through the Middle Cambrian shales to the surface at the crest of 
the northern anticline, gives rise to stage II. A second shear (de) cuts through the Madison 
limestone (Cm) where th.it formation has been weakened by flexure and erosion (at d); 
and a branch shear from ah reaches the surface at e. On this the formations above the fault 
surface are overtr.rned (stage 111), in stage IV, further compression has folded the thrust 
planes, and erosion has oroduced the present topography. The section in stage IV is about 
8 miles long. (After O, C. Skeels, with some modifications. See Bibliog. Reproduced 
through the courtesy of the author, the Journal oj Qwlogy, and the University of Chicago 
Press.) 

averthruM mass than to the downward and forward driving of 
an underthrwt mass; (3) the rocks of the overlying sheet being 
older and more rigid, would be better able to stand the strain 
of dverthrusiing than the younger rocks of the foot vitill could 
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stand undorthnistinji;. According to Lovciring/ if the activt* 
wall of a tear fault moved in the same direction as the relative 
movement of the overlying thrust, sheet, this low-angle fault was 
an overthrust; if in the opposite direction, an underthrust. 

Faults on w^hich the blocks rotate during dislocation are hirige 
JauUSf pitfoUil faults j scissors faults, or rotational faults (Fig. 170). 



2. An auxiliary or branch fault is a minor fault ending against 
the main fault. It may be the boundary of a wedge (Fig. 171 , A). 
Where the main fault is due to tension, the branch is likely to dip 
more steeply than the main fault, and, wdiere the main fault is 
due to compression (a thrust fault), the branch usually dips less 
steeply than the main fault. 

Faults that cross one another are 
intersecting faults (Fig. 171, B). 

A fault complex is an intricate 
system of intersecting faults of 
the same age or of different ages. A 0 

When several parallel faults are 
close together and the intervening ® ‘ 

fault slabs or slices are not distorted, the group may be termed a 
multiple fault, A multiple fault in which the downthrow is on the 
same side of each (jomponent fault, is a distributive fault, A 
multiple fault, consisting of thrust faults, is called imbricate 
structure. It may divide the major blocks in regional over- 
thrusting into minor slices (Fig. 172 



^ Bibtioef., Lovbbino, T. S., 1932. 
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3. In strata, a strike fault (Fig. 364, A) has its strike parallel 
to the strike of the beds; a dipfauU (Fig. 164, B) strikes at right 
angles to the strike of the beds ; a diagonal fault is one in which 
^ the strike is oblique to the strike' 

of the beds (Fig. 160-162); a 
bedding fault is parallel to the' 
stratifieiation (Fig. 173); a longi- 
tudinal fault strikes parallel to 
the general structure (fold axes, 
Hchistosity, etc.) of a region; and a transverse fault strikes across 
such structure. 



^^ 2 ==^ 1 

C 



Fio, 172. — Imbricate structure in the 
overhanginR block {adbc) of a thrust fault 
(a6). 



183. Terms for Fault Blocks. — A wedgo-shapi'd block betwee'ii 
two faults is a fauU wedge (Figs. 171, A; 174). Wf'dge's are somo- 


o 



Fio. 176. — Block diagram showing a possible explanatioii for the dislocation of such a 
wedge as that drawn in Fig. 174. e/g corresponds to efeb in Fig. 174. d has slipped from a. 
and / from b. 


times indicative of considerable lateral motion (Fig. 175). An 
. epthfown block between two downthrown blocks i^ a horst 
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(Fig. 176, A). A downthrown block between two iipthrown 
blocks is a yraben or fault trough (Fig. 176, B). In both defini- 
tions the movement of the blocks is relative. Thus, in llu^ 
graben, the middle block may have gone down, or the walls on 
both sides may have gone up, or all three may have settled with 
respect to their original position, but the middle one more than 
the other two. Similar reasoning may be applied to a horst. lif 



tJie diagrams (Fig. 176, A and B) tension faults, or rifts bound the 
middle block. Conceivably these faults might dip in th(5 direc- 
tion opposite to that shown, and they would th(»n b(‘ thrust» 
faults, or ramps. A graben might thus b(! defined as a rift trough^ 
or a ramp trough, according to the nature of its bounding faults. 
Again, corresponding nomenclature might be applied to horsts. 

a be 


Fio. 177. — Cross section of a deep salt dome (salt plug not reached by deep drilling) where 
the crest ban broken and dropped to form a compound graben. between a and e. 

Grabens may occur on or near the crest of broad arches; also, 
on the crests of domes associated with deep salt intnision (^ 6, 
Art. 161 ), as indicated in Fig. 177. The^se relations suggest some 
expansion and settling of the rock masses following the compres- 
sion, or uplift, that produced the arch. Faults like those in 
Fig. 154, with downthrow on the side up the regional dip of the 
strata, may be the down-dip walls of strike grabens^ which are 
bounded 2 or 3 miles up dip by tension faults (rifts) that have 
their downthrow on tlu* down-dip* side (Fig. 178). 

^ Tiiese references to dip are to the regional dip of the faulted strata. 
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A block that has been lowered on all sides by faulting or by 
downwarping or by both processes is called a basin (Fig. 179). 
These terms {horstj graben, basin) are structural in their signifi- 
cance, and they arc used irrespective of the topographic form of 
the ))lock (204). 


a b c 



Kiu. 178. — Cross section of a fcraben (ae) that trends essentially parallel to the rcRioiial strike 
(perpendicular to the plane of the pago). 


Whcul a fault is approximately f>arallel to the strike of the 
strata, the block on the side of the fault toward which the dip 
of the beds is measured may be termed the down-dip block, and 
the other one is the up-d.ip block (Fig. 164, A). Note that the 
word, dip, in these two terms nifers to the inclination of the beds. 
On the down-dip side of any given stratum, the strike of a diago- 



Fio, 170. — Block diagram of a structural basin. The dash pattern repreBonts a hard 
crystalline rock formation upon which a series of strata (lined) rests unconformably. The 
strata occupy the basin. The little basin on the extreme left is an outlier of the main basin, 
and the mass of crystalline rocks within the basin, bounded on the right by fault b, is an 
inlier. The topography, in this case, wan produced by differentia! erosion acting on the 
hard and soft rool^ of the region, following peneplanation (Art. 261). 

iial fault makes an acute angle with the strike^of the beds (angle 
«cK, Fig. 162, A) on one side of the fault, and dn obtuse angle 
with the strike of the beds on the other side (angle dbv, Fig. 162, 
A). The blo 9 k containing the acute angle on the down-dip side 
of an outeroppiug bed may be called the acute-angle block, and the 
fOther, the Muse-angle block (see also Fig. 162, B). * 




lliACTVUK.H AND FRACTURE STRUCTURES 


210 


184. Omission and Repetition of Beds Defined. — Erosion after 
strike-faulting of stratified rorks may bring about the entire' 
elimination of some beds (Fig. 180, A), or, on the othc'i* harub it 



Fia. 180 — Sections Hhowiug orriifwioii (A) and reixMilion (14) uf Hltulu. In A, the heda 
between a and 6 are entirely eoii«eale<i beneath the nurfiii'e of the grtniiul. In B, beda 
betw'eeii a tiiid b are expoaed twriee in the same Hiicet^Haion on the Hurfiiee of the gioiiiid. 


may cause repetition of some beds, with the' same sequence, on 
opposite sides of the fault (Fig. 180, B). Th(' first is spokt'ii of as 
amtitsion of beds and the second as repetition of heds^ respectively. 



Fig. 181. — Dip data secured by reflection fieiHinoKrar>hic work (see p. 755) in an area in 
south Texas. Not-e the zone of i»oor records, indicated by the dashe<l line, AB, which is 
interpreted as a fault, the dip of which decre-aaes with depth. Note also thi^l the strata dip 
toward the fault on both sides. Its displacement, though not revealed by iheee data, is 
down on the east side (Cf. Fig. 183.) 

186. Variations in Dip and Displacement of Faults. — Whon 
faults are*expos<*d in cross section over a distance of many him- 
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(In'ds of fret or when their undc^rgroiind form can be ascertained 
by numerous tletjp well logs or by scdsmographie methods, they 
are often found to change in dip with increasing depth. Thrust 
faults may steepen with depth (Fig. 169). On the contrary, 
normal faults — especially strike faults with downthrow on the 
side down the regional dip of the strata — may revc'al a decreasing 
angle of dip with incn^asing depth (Fig. 181). 

186. Relations of Faults to Folds. — Flexing or folding of strata 
may be associated with faulting. Figure 1 52 shows a tension fault 
passing into a flexure at each end. A fault of this kind may also 
pass into a flexure either upward or downward. Similarly, a 



Fia. 182 . — CrOHs H«ction of u normal fault (ab) with upthrow on the regional down-dip 
nide. (-'he regioimi <lip here is towar<l the right.) Some flexing, on a relatively large neale, 
Heema to bn genetically related to (he fault, since the orestal suifuce (in section, ed) of the 
anticline in the upthroaa block is parallel to the fault. 

thrust fault may pass into a fold either laterally or upward or, 
downward (Fig, 163). In these eases, bending of the strata no 
doubt occurred first, and then, with further application of the 
stress, fracturing followed where this stress was most effective 
(Fig. 169). 

Drag (Fig. 156, B) is another variety of flexing associated with 
faulting. It is generally very local, but it may assume larger 
proportions, as represented in Fig. 182. 

A very interesting relation between folding and faulting is 
depicted in Fig. 183, where, for some distance out from the fault, 
the strata dip in toward it. This condition has been recognized 
by seismograph (Fig. 181) and then by drilling, in association 
with ma»y strike faults of the Gulf Coastal Plain. It has also 
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been observed exposed in mountain districts of considerable 
topographic relief. Comparison of Figs. 181, 183, and 279 
suggests that the tilt of th(^ bc^ds from a, a', toward the fault 
(6, 6'), on the downthrown side, may be genetically associated 
with this kind of fault that so closely resembles the landslide 
slip. The thickening of the strata from a, etc., toward 6, etc:, 



Fiu. 183. — Faulting of the normal type (c/), where there in (li|) of the strata into the fault ou 
both sideB of the break. (Cf. Fig. 181.) 

may mean that sliding on the fault was progressivcj during 
sedimentation. 

Geologic Evidences for Faulting 

187. Principal Evidences of Faulting. — That faulting has 
occurred in any locality may be indicated in various ways. 
Sometimes slickensides or other marks of slipping may be 
observed on a fault surface exposed by natural or artificial mc^ans. 
More often the evidence is found in the relations of the rock 
structures on the two sides of the fault when the latter is viewed 
in horizontal, inclined, or vertical cross section. Or, again, the 
criteria may be topographic in character. Th(».sc features, 
whether geologic or topographic, the field geologist should learn 
to recognize. He should know how to interpret their meaning, 
and in order to do this, he must be able to discriminate between 
them and other features that look like them but are really of very 
different origin. 

The topographic forms related to faulting are described in 
Chapter XL Their significance as evidences for dislocation is 
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pointed out in Art. 210. Following aie the more important 
geologic phenomena ; 

1. Slickensides, polish, and other features on fault surfacfis. 

2. VisiWc displacement of veins, dikes, strata, etc., on opposite 
sides of an exposed fault line. 

3. Zones of breccia. 

4. Drag. 

6. DiH(!ontinuity of linear forms along thenr general tniiid. 

6. Abrupt termination of structures along their trend. 

7. Rcpc^tition of strata. 

8. Omission of strata. 

188. Slickensides and Other Features on Fault Surfaces. — 

Slickensides arc useful in showing the general line along which 
the motion took place. On a vertical fault surface, they indi(;ate 
vertical slipping if they arc vertical, horizontal slipping if they are 
horizontal, and so on; but they do not tcJl the relative* motion, 
t.c., if they are vertical, they do not show which block moved up 
with respect to the other. This relative displacement is some- 
times indicated by steplike jogs that trend across the sH<*ken- 
sides (36, H). '\ "he student should be careful not to place too 

much importance on these little inogularities. One or two are 
not sufficient evidence, but if they are numerous and all face in 
one direction, then they are fairly conclusive. Polish is of no 
value as a criterion for displacement. 

Slickensides on outcrop surfaces may look like' glacial striae. 
For the most part, slickensides on any given surface are parallel, 
whereas striaj generally — not always — vary in direction within 
10® or 15® of arc. On steeply inclined vsurfaces, fault scratches 
are apt to run up and down, whereas glacial striae are likely to 
trend in a nearly horizontal direction. When the scratched sur- 
face can be traced to a place where it passes into the rock,' it is 
usually a fault surface; but exception must be made for the rare 
ease in which ancient (pre-Pleistoeene) glaciated surfaces are 
found to have been reexposed by the partial removal of the over- 
lying younger rock. When the scratched surface is glaciatefl, 

Not merely under superficial deposits, such as till, alluvium, etc. 
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any ovorlying material, eon soli (lak‘d or not, is apt to h(* of glacial 
or of aqueoglaeial deposition. For othc*r kinds of scratches, 
grooves, and polish, which may be mistak(‘n for slicktMisides the 
reader is referred to Art. 36. 

Sliekensides are not invariably accurate indices of the dire(‘- 
tion or distance of slipping. Successive' movements on the sami' 
fault may have different directions, and the grinding and polish- 
ing of the last dislocation may have destroyed all traces of earlic'r 
sliekensides. Thus, the total distance travelled by a point from 
its first position may be greater than the sliekensides would 
lead one to believe, and the present direction between two points 
whi(^h were formerly in contact may be different from the course 
along which they acquired their ultimate positions. In making 
measurements on a given fault the geologist should ascertain, 
if possible, w'hether the sliekensides are reliable data for obtaining 
the direction and amount of slip. 

189. Visible Displacement of VeinSi Dikes, Strata, Etc. — 
There can be no better evidence for faulting than the case in which 
the two ends of a dislocated bed, dike, vein, or other structure, 
are visible where they abut against the fault, also exposed in sec- 
tion (Fig. 155). The geologist will discover few instances in 
which this kind of evidence is questionable; but he will also find 
that it is a phenomenon which is seldom seen except on a small 
scale. 

190. Fault Breccia Zones. — ^This subject is reserved for Art. 

223. 

191. Drag. — Drag is not observed unless in the immediate 
vicinity of a fault. It need not be exposed on both sides of the 
fracture in order to ascertain the direction of displacement, for, 
normally, if the slipping had a vertical component, the faulted 
structures are turned up in the downthrown block and down in 
the upthrown block (Figs. 156, B; 158). HoAvever, due to com- 
plex conditions of the forces acting and of the consequent dis- 
placement, or because of two succe^ive periods of slipping, 
one up and the other down, on the same fracture, or because 
monoclinat folding has been followed by faulting with the relative 
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(liroctions of (lisplaeom('nt rc^vorsod, instances of faults have been 
observed where tlu? ilrag turned up in the upthrown block and 
down in the downthrown block, except perhaps within a very 
few feet or a few inches of tlie actual surface of slipping.^ 

192. Discontinuity of Linear Structures along Their General 
Trend; Offset. — A dip fault or a diagonal fault, intersecting beds 
or other regular structures across their strike, is usually indicated 
by some type*, of offset. For example, a bed which has been dis- 
locat(Kl in this way may be traced on the surface of the ground, 
genc'rally in a series of separate outcrops, to a point beyond which 
it terminates and some other rock takers its place; but somewhere, 
to the right or left, the same bed will be discovered, probably 



Fici. 184. — OITwel produced by a dip-slip 
dip fault. witliuut oiOHitiii; itffbl, afit'r 

nrosjoii. 


Kia. 185.— Offset pro- 
diieod by u etriko-Hlip dip 
fault. 


tnmding in the original direction, 'fhe relations are essentially 
like those described in Art. 189, but here the fault intersection 
(fault lin(0 is concealed, so that merely its approximate position 
can be determined. 

For the correct interpretation of offset the faulted bed, dike, 
vein, igneous contact, or other structure must have characters 
sufficiently distinctive for unquestionable recognition. On the 
assumptions: (1) that inclined stratificxl rocks have been dis- 
located; (2) that the bedding has the same strike and dip on 
both sides of the fault; and (3) that the land surface is essentially 
horizontal, the conditions of offset may be classified as follows: 

(A) The fauU is a dip fauU; there is neither gap nor overlap. 
Like effects upon the outcrops of the strata may be produced 
by dip-slip, oblique-slip, and strike-slip faults, provided the net 


^ See, for example, Bibliog., Brocks, Ernest W., 1929, Vol. I,*p. 266. 
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slip is of the proper amount. Whether the fault is vertical or 
inclinexi, the beds are offset toward the directiiui in whicli they 
dip in the upthrown block of a dip-slip fault (Fig. 184), and in the 
block which moved toward the dip of the bedding in a strike- 
slip fault (Fig. 185). For an oblicjiu'-slip fault (Fig. 180) 



Fig. 186. — OfT.set protluced by an oblique-slip dip fault. without prosioti, ri^bt, after 

ciosion. 




Fig. 188. — Offset toward the direction of dip of the beds in the downthrown block of an 
oblique-slip dip fault. Left, without erosion; right, after erosion. 

the same statements hold true with the exceptions drawn in 
Figs. 187 and 188. 

(B) The fault is a diagonal fault. Like effects on the out- 
cropping strata may be produced by dip-slip, oblique-slip, and 
strike-slip faults, provided the displacement is of the proper 
amount. Whether the fault is vertical or inclinexi, in the case 
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of difwslip faults, overlap results from downthiow of the aeute- 
aiiRle bloek (Figs. 181), 190), and gap from dow?ithrow of the 
obtuse-angle bloek (Figs. 191, 192); and in ihv eas(‘ of strike- 
slip faults, overlap results from the movement of the obtuse- 
angle block in th(' direel ion of the dip of the beds, and gap from 



189. — Overlap oauHed by a dip-alip diagonal fault. Left, without erosion; right, 
after erosion. 




the movement of the acute-angle block in this direction. The 
same statements hold for oblique-slip diagonal faults, except 
in cases analogous to those figured for dip faults. 

If inclined stratified rocks have been broken by a rotational 
di|^ fault, the beds are offset in the same manner in a dip- 
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slip dip fault but the outcrops are broader in the block which 
has undergone a differential upward displacement increasing 
in amount in the direction of the dip of the strata (Figs. 193, 
front block; 194, back block). Exception to this statement 



Fig. 102. — Citip produced by a dip-nlip dtagoiiul fault. Loft, without rromou; right, after 

erosion. 


Fig. 103. — Ofl.‘<et by rotatrr-al faulting. Left, without erosion; rights after erosion. 




Fig. 194.--Offsct by rotational faulting. Ja^H without erosion; right, after erosion. 

may be found where the rotation has actually reversed the 
direction of dip of the beds. 

193. Abrupt Termination of Structures along Their Trend. 

In offset the two parts of a dislocated structure end abruptly 
against the fault line. If one of the parts were gone the con- 
dition would be that referred to in the title of the present article. 

* Note ttfat the word trend fWipTfes outcrop on the land surface. 
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Under these eireiunstanees, the lost portion of the structure may 
be concealed und(U’ water, under alluvium, under lava, or under 

- a later series of stratified 
rocks (Fig. 195); or the dis- 
placement may have been 
greatcjr than at first imagined 
and the “lost portion” may 
be found by more extended 
scare, h. 

Ai X . • X. r X . lu 0, scrfes of stcata which 

I*^o. 195. — Abrupt termination of strata 

(right) against ti fault. Tlip same strata, on haVC boon brokcil by a TOta- 
tln* left of the fault, are concealed beneath . ,» , jji. jj 

(he body of horizontal HodimentH. These llOIial lauit ailQ tlieil^erOCleCl 
younger horizontal sedimeiitH have been t ho bod^ iVl rmp or bof h hlofksi 
eroded from the right fault block. ' 

may be. truncated by the 
fault.. On the assumption that the land is essentially horizontal, 
these relations may be classified as follows: 

(i4) The beds are horizontal in one fault block and are inclined 
in the other j and the inclined beds strike nearly or quite at right 
angles to the strike of the fault. The block with the tilted beds 



J‘'jo. 190. — EtTectM of rotational faulting of horizontal Ktrata. Left, without eronion; right. 

after erosion. 


suffered relative uplift with increasing slip on the side away 
from which the strata dip. The fault surface is vertical or 
inclined (Fig. 196). The same relations may be brought about by 
rotation of a block of tilted strata on a dip fault in such a way 
that the layers in this block become horizontal; but this case is 
exceptional. ^ 

(J5) On both sides of a fault the beds are inclimd in the same 
direction^ hut those on om side strike parallel id the strike 
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of the fault and those on the other side strike so that they make an 
acute angle with the fauU line. The beds which are truncated 
at the fault line are in the tilted block. In Fig. 197, A: (1) if 
the fault is vertical and the beds dip to the right , the tilted block 
was increasingly lowered toward a; (2) if the fault dips to the 
right and the beds dip to the 
right, either the fault dips more 
steeply than the beds and the 
tilted block was increasingly 
lowered toward a, or the fault 
dips less steeply than the beds and 
the tilted block was increasingly 
lowered toward h (Fig. 198); (3) 
if the fault dips to the right 
and the .beds dip to the left, the 

tilted block was increasingly lowered toward h. In Fig. 197, 
B: (1) if the fault is vertical and the beds dip to the right, the 
tilted block was increasingly lowered toward 6; (2) if the fault 
dips to the right and the beds dip to the right, eitlier the fault 



Fio. 197. — Effef'U of rulutioiiai fault- 
ing of inclined strata, ns seen in plan. 



Fxq. 108. — Effects of rotational faulting of inclined strata. Left, jvithout erosion; right, 
after erosion of upthrown block. 

dips more steeply than the beds and the tilted block was increas- 
ingly lowered toward 6, or the fault dips less steeply than the 
beds and the tilted block was increasingly lowered toward 
a; (3) if the fault dips to the right and the beds dip to the left, 
the tilted block was increasingly lowered toward a. 

(C) The beds on both sides of the fauUt are inclined in the same 
general diieciion and strike so that they make anrocvle angle with 
the fault line (Fig. 199). On the assumption, above made, that 
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the land surface is horizontal, those relations are caused by 
rotation in both blocks; but in nature the same thing is more 
apt to be due t,o the fact that the ground slopes. 

The abrupt termination of stru(ituros along their trend is 
not necessarily a result of faulting. The same phenomenon 
is common in association with igneous contacts and lines of 
unconformity. Furthermore, one should not overlook the fact 



Fia. 109. Fia. 200. 


Fiq. 199. — ElToctH of rotational faulting. a« neoii in plan. . 

Fid. 200. — Sketch map of a Viody of iiiclincfl strata paitly covered by alluvium (white). 
The middle aaudetone bed (stippled) on the light thins out beneath the alluvium and thus 
looks as if it had been dislocated b> a fault, also concealed beneath the alluvium; but the 
fact that the other beds match actoss the alluvium cover proves that the suggestion of a 
fault is incorrect. 

that since beds, dik(;s, vcnns, fractures, and the like, may come 
to an end in their original form, within short distances, apparent 
truncation is not always real (Fig. 200). The natural termina- 
tion may be concealed and so lead one to infer th(‘ presence of a 
covered fault where no fault exists. 



Fig. 201. — Repetition of beds explained by folding, so&cf, or by faulting, aaeda. The 
stippling represents allyviuin which conceals some of the beds and likewise the fault line, if 
faulting is the correct explanation, '' 

194. Repetition of Beds. — Repetition of beds (184) is a ver>' 
satisfactory indication of faulting^ but it is not conclusive 
,„^denee. It may be due to folding where an intervening limb is 
^^n<|!aled (Fig. 201), or it may be a consequence of the repetition 
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I'lu. 202. — Repetition of ntrata cauHed by croKion (right tliiigrani) succeeding disIncHlioii 
a vertical dip-slip strike fault (left diagram), ((''f. Fig. 200.) 



Fio. 203. — Repetition of strata caused by erosion (right block) Mueeeeding dislocation 
l>y » dip-slip strike fault that dips in the opposite direction from the dip of the broken 
strata. (Cf. Fig. 207.) 



Fio. 204. — Repetition of strata caused by erosion (right block) succeeding dislocation 
by a dip-slip strike fault that dips in the same direction as the broken strata. (Cf. Figs 
205. 208.) 



Flu. 205. — Repetition of strata caused by erosion (right block) succeeding disltKtation 
by a dip-slip^ttike fault that dips in the same direction as the broken strata, (f’f. Fig-. 
204, 209J 
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of a certain sequenc(5 of conditions during the deposition of the 
beds. Proof that folding is not the cause may often be found by 
wider field corrcilatioii, or, if the true succession of strata is known 
from observations in the vicinity, by actual measurement across 
the strike to determine whether there is room for the concealment 




Kiu. 207. — Omission of strata caused bv erosion (right block) succeeding dislocation by a 
dif'-slip strike fault that dips in the opposite direction from the dip of the broken strata. 
(t;f. Fia. 202.) 



Kio. 208.-— Omission of strata caused by erosion (right block) succeeding dislocation by 
a dip-slip strike fault that dips in the same direction as the broken strata. (Cf. Figs. 204, 
209.) 


of the repeated strata in an intervening limb of a fold. As for the 
possibility that the conditions of sedimentation were repeated, 
this is very unlikely, and the more beds there are in the repeated 
series, the more improbable does this suggestiPn become. 

Figures 202- 205 show several methods by which repetition of 
^stratA may be produced. 
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196. Omission of Beds.^ — Tho al)ility to rerognize omission of 
beds in the field demands a thorough {icquaintyance with the 
stratigraphic sequence (108) in the n^gion; for obviously, unless 
one knows what strata to expect, one cannot t(‘ll whether or not 


z 


Fio. 209. — OmisHioii of strata (aiiiaed by eroaion (rifsht block) suoceedinK dislocation by 
a dip-slip strike fault that dips in the same direction as the broken strata. (Of. Figs. 20«'>, 
208.) 

some beds are missing. In Figs. 206-209 are illustrated .several 
methods by which omission of beds may be produced. 

196. Omission and Repetition of Beds Observed in Drill 
Holes. — When a hole is drilled through faulted .strata, and in 



Fio. 210. — Vortical section of strata broken by a noinial fault which di|>n in the direction 
opposite to the dip of the strata. This is the kind of fault characteristic of the Mexia fault 
Bone in Texas. (See Fig. 154.) 

such a.position that the hole intersects the fault, part of the strati- 
graphic section normal to the region may be found to he repeated, 

* See Art? 184. 
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or, on the other hand, missing. Figure 210 is a vertical section 
of genii V incliiKHl beds, displaced by a strike fault with its down- 
throw on the side up the dip of the i?trata (on the west).^ The 
normal suc(ieSvsion of formations is u, v, w, x, y, in order downward 
from the surface of the ground. Well a passed through this 
sequence. Well b misscid the low'er part of u. Well c missed 
all of V and parts of u and w. Well d passed directly from a thin 
section of v into x, missing w altogether. Well e missed x and 
part of w. Well 6 had the normal sequence as deep as it was 
drilled, but at a much lower level than the same formations were 
encountered in well a. 

In the study of vertical sections by means of well logs (467) an 
understanding of these relations is essential, for the discovery 
of a fault may be made on just this sort of evidence, even where 
there are no indications on the surface of the ground. 

By carefully analyzing the relations in Figs. 203-209, the 
student will note that either repetition or omission of beds may 
be observed in a vertical hole intersecting a normal fault or a 
reverse fault and whether such fault is associated with repetition 
or omission of beds on the land surface (assuming this to be 
relatively flat and nearly horizoiilal), depending on the particular 
relations of direction and amount of dip of both the fault and the 
strata. 


Faults in Relation to Their Time op Origin 

197. Relative Age of Faults. — A fault is younger than the 
rocks which it intersects. A fault which Ls clearly dislocated 
by an intersecting fault is older than. the latter (Fig. 171, B). 
Yet there are many cases of intersecting faults which are essen- 
tially contemporaneous, even though some are slightly dislocated 
by others. Such faults generally occur in definite sets which, 
like intersecting joint sets (218), have been formed during one 
and the same period of deformation. In a given region tension 
faultSr are usually younger than compression faults. 

Bibliog., Lahbe, F. H., 1929. 
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198. Warped and Folded Faults. — Faults have been recorded 
as folded or warped; that is to say faulting is supposed to have' 
been accompanied or followed by folding or warping. Over- 
thrusts are particularly liable to bending, because, like most 
folds, they arc products of compression, and they may be fol- 
lowed as well as preceded by folding (P'ig. 169). Tension faOlts 
are less ai)t to be warped unless the rocks which they intersect arc^ 
buried and subjected to folding in a later geologic period. Note, 
however, that the fact that a fault has an uiidulovse shape and 
looks as if it had been flat and had been bent, is no proof of 
subsequent deformation. A great many faults originate with 
such a shape. Indeed, irregular form is more typical than is 
flatness. Yet in most cases, no doubt, a highly undulose shape of 



Fig. 211. — Section of a fault, a, which is intersected by a surface of unconformity, 6c, 
Since the surface of unconformity and the beds above it have been folded, the irregularity 
of the subjacent fault is probably also a consequence of deformation. The little patch of 
stippling (to represent sandstone) in the upper middle part of the diagram w;i8 displaceil 
along fault a from the crest of the anticline just to the left of a. 

the fault surface is significant of compression after faulting. 
One’s conclusions must be guide»d largely by the degree of irregu- 
larity exhibited. The surest evidence for warping or folding of a 
fault includes all the following features in association (Fig. 21 J ) : 
(1) the fault has an undulating form; (2) it cuts a rock formation 
which has clearly been folded; (3) it terminates upward at a sur- 
face of unconformity which separates the dislocated formation 
from an overlying series of strata; (4) this younger series is like- 
wise folded. In the absence or obscurity of one or more of these 
structural relations, the conclusion that the undulose fault 
has been bent after its origin becomes less reliable and it is often 
safer to’believe that the shape is primary. 
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199. Geologic Age of Faults. — Th<^ gc'ologie age of faults is 
asrortainod from their relation to the adjoining roeks. An 
(*xaini)l(i is shown in Fig. 69. On many of the major faults, dis- 
j)laecmcnt has ht‘en i’eeun-(‘nl, sometimes through long periods 
of geologic time, so that they may have to be dated as to both 
t heir first and last movements (Cf. Fig. 182). 

200. Post-Pleistocene Faults in Bedrock.— In eountri(\s which 


were glaciated in the Pleistocene, signs of postglacial dislocation 
are sometimcis found in low scarps or edges, of a fraction of an 
imdi to a few inches in height, which interrupt the continuity 
of striated and glacially smoothed rock surfaces (Fig. 212). 

Although tlie throw of these faults 
may be small individually, the 
h total displacement of several on a 
single ledge, all with the down- 
throw on the same side, may 
Fia 212.— A amaii postglacial ^ amount to a number of feet. 

ac, which intemiptH the continuity of a . <• i 

Klaoial rook surface. The edge made Demonstration of the Origin of 

hy the fault Ih about V 4 hi. high. .. r i 

these faults subsequent to the 
erosive work performed by the ice lies in the facts: (1) that the 
displaced scratches and grooves on the two sides of the fault 
clearly match as to their direction, shape, and size; and (2) that 
the edge of the upthrown block at the fault is sharp, not bevelled 
off as it would be had the dislocation antedated glaciation.^ 

201. Faults That Originate in Unconsolidated Sediments. — 
Faults may be formed in unconsolidated sediments in all the 
ways described for folds (169). They are usually reverse faults 
when the deformation was produced by an overriding mass, and, 
like the overturned plications, they indicate by their attitude 
the direction in which the agent moved. If due to settling the 
faults are commonly normal. Settling may be induced by fault- 
ing in the underlying rock (Cf. 169, If 10), by decomposition of 
the underlying rock and removal of the products in solution 
(Cf. 169, 119), by mechanical washing out of the finer grains from 
a bed of sand or gravel, or by the removal of a support^ such as 
’ Bihliog., Matthew, G. F. 
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ire. It Ls possible that many of the small faults in aqueoglaeial 
sands are to bo explained by one or both of the last two ])i oeess(\s. 

202. Discrimination between Faults Originating in Sediments 
before and after Consolidation.— After faulted sediments have 
hvcomo consolidated, it may be difficult to decide whetlnu* the 
()})served displacements were formed Ix'fore or aft(»r lithification. 




B 

Fig. 213. — Sectionn to illustrate the difference between faults which were limited to .super- 
ficial sediments (A) and those which, although appearing in the superficial Hcdiniciits, hail 
their origin in the underlying bedrock (B). ab, line of uneonfonnity between ancient rock 
foundation (dash pattern) and sediments which were unconsolidated at the time when tliey 
were dislocated, cd, original land surface at time of faulting. In both cases this surface 
was later buried under younger sediments. 

1. If such faults are thrusts, they are probably associated with 
crumpling, and the criteria outlined in Art. 170 for the discrimi- 
nation of contemporaneous folds may be applied. 

2. Gravity faults, occasioned by settling of purely supci-fieial 
origin and therefore limited to sediments which were uncon- 
solidated at the time of the displacements, arc seldom more 
than a few inches or a few feet in length when measured across 
the bedding. They are spaced typically at short intervals, their 
trends apd mutual reflations are irregular, and they are lacking 
in definite relations to the axes of diastrophie defohnation in the 
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rorks of the region. A fault of this kind is often slightly blurred 
boeause sonu' of the grains of the uneonsolidated deposit slipj)ed 
or rollcul a little way along tin* surfaces of displacement and so 
obscurtKl the IxMlding in a thin layer. Such a layer corresponds 
to a fault breccia in fracture<l solid rocks. Usually, not always, 
it- is indistinguishabh* or absent in muds or clays and their deriva- 
tives, narrow in sands and sandstones, and broader in coars(* 
materials. These gravity faults commonly terminate upward 
where the original surface of the deposit was at the time of dis- 
location (Fig. 213, A). 

3. Faults, either single or multiple, which were produced in 
unconsolidated sediments by displacement in the subjacent roerk, 
intersect a n^gional unconformity (Fig. 213, B). In the younger 
formation, which was iinconsolidateHl at the time of their origin, 
they exhibit many f (matures like^ those mentioned for th(\ second 
group, but necessarily the\v are definitely related to the faults in 
the rocks below the unconformity. In the underlying formation 
they are apt to have clean-cut edges, true bree*e^ia zones, and other 
characters such as develop in th(' dislocation of consolidated 
rocks. Sometimes the grains of the younger formation are found 
to have slipped down into the fault crack in the older formation. 

Faults in Relation to the Land Suuface 

203. Classification of Topographic Forms Related to Faulting. 

The topographic expression of faults may be original or sub- 
sequent. Original are all those land forms produced by faulting 
and not so modified by erosion but that their primary characters 
are still recognizable. These include fault scarps (248), faceted 
spurs due to faulting (261), fault vallevs, fault gaps, and rifts 
(264), kernbiits and kerncols (264), and horsts, grabens, and 
structural basins bounded by fault scarps (183). All topographic 
forms which have been derived through the extensive erosion 
and consequent extensive , modification of original topographic 
features due to faulting are subsequent. Such are fault-line 
sc^ps (260, F), fault-line gaps (270, E), and horsts, grabens, 
anil basais, bounded by faulMine scarps (204). 
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204. Topographic Expression of Horsts, Grabens, and Basins. 

Horsts, grabens, and basins are included in the list just given 
because, if they are comparatively small, or if their characters are 
very pronounced, they arc recognizable as toi)ographic forms: 
but ordinarily they arc so large and their surface's an* so varie'd 


A 



Fiq. 21-^. — Block diagram of a horst after faulting (A) nnd after coneiiilcinhlc croHioii (B). 
The land of block A is supposed to have been redticed by eroMion nlinoMt to a plain (pene- 
plain) at the level, xxx» Then, after a general uplift, the rivera of the region wete revived. 
They cut away the weak rockn, i;>, much more rapidly than the rcMHtnnt lockn, h, ro that 
the lowlands of block A became the uplands of block B. The scarps in A arc fault scarps; 
m B, fault-line scarps. 



Fia. 215. — Block diagram of a graben after faulting (A) and after considerable erosion (B). 
The land of A was reduced to a plain at the level, xzx. After uplift and rejuvenation of the 
rivers, the weaker rocks, w, were eroded away more rapidly than the hard rocks (lined), so 
that the lowlands of A became the uplands of block B. The scarps in A are fault scarps; in 
B, fault-line scarps. 

in relief that their study can be accomplished only by extensive 
field-investigations. Consequently, although the scarps, valleys, 
and other land forms are described in Chapter XI, horsts, gra- 
bens, and basins will receive consideration here. 

A horst has been defined as a relatively eleyated block of tlie 
lithosphere between two downthrown blocks; that is, in its 
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original surface form, a horst is a ridge (Fig. 214, A), or, if erosion 
has modified th(i block, it has a hilly or mountainous expression, 
provided the block is a large one. In the same way, the original 
topographic form of a grabtm is a lowland which may or may not 
have an even floor (Fig. 215, A). 

If such a valley is bounded by tension faults (rifts), it is a rift 
valley; if by thrust faults (ramps), it is a ramp valley. If a region 
in which th(^re is a graben or a horst is exposed to denudation for 
a long p(‘riod, hard and soft rocks may be so distribut(‘d in the 
fault blocks that the relief may become revcrscHl. The horst may 



^ Fia. 2ltt. — Kelutions of an ovcrthniMt fault to the laud ntirfaco. The fiRuic* ih drawn a« 
if a Hinghi block had been cut and ilic pieccH hud been separated a short distance. The land 
surface (top of the blocks) is reprcHented as flat. Erosion has removed a large part of the 
older overthrust Vilock (shaded), thut* expuisiiiK the uudcrl^iug > hunger locks (white). (Cf. 
Fig. 100 } The base of the shaded fonnatioii is the fault, drawn as a full line wheie still 
present, and as a dashed line where eroded. The arrows indicate the relative motion of the 
blot^ks in the faulting, a, a fault outlier; 6, a fault inliet. Quite commonly in nature fault 
outliers are hills, and inliers are basins, tox>ographically. 

become a lowland and the graben may bec.oroo an upland (seo 
B in Figs. 214, 215). Likewise, theoretically, the relief of a 
geologic basin may be reversed. 

The student should observe that even if a basin or a graben is 
still a lowland, and if the horst is still an upland, this seemingly 
primary form may bo of subsequent dc'velopmcnt. In other 
words the scarps w'hich bound the basin, graben, or horst, may 
be fault-line scarps (260, F) which front in the same direction as 
the original fault scarps. 

2^5. Effects of Topography on the Trend of Fault Lines. — 

Major faults are more* apt to trend along valleys or along the basc^s 
of^sarps, but where a fault runs across hills and valleys ^he form 
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of its outcrop is regulated by the topography in just the same way 
as is that of an exposed stratum (174). The rules governing the 
outcrops of vertical, inclined, and horizontal faults are identical 
with those for strata with like attitudes; and the exceptions are 
the same. The trace of an overthrust may be highly complex 
and irregular (Fig. 216). 

206. Inliers and Outliers Produced by Erosion of Faults. — 

Like low-dipping strata, the outcrop lines of overthrusts are very 
involved and sinuous in lands of marked relief. Cases are known 
in which the overlying (overthrust) block (decke, or nappe) has 
been locally perforated by erosion so that the lower block has 
become uncovered (Fig. 216, h). An isolated exposure lik(^ this 
has been termed afensier (German, window). With reference to 
the main mass of the overridden block, a fenst(^r may b(j (;alled a 
fault inlier. In analogous fashion, a remnant of the upper, over- 
thrust block, separated by erosion from the main area of this 
block and surrounded by the worn surface of the lower block, 
is termed a klippe (pL, klippen), or fault outlier (Fig. 216, a) 
(Cf. Fig. 179). 

207. Effects of Faulting on Streams. — A and B in Fig. 217 
show two cases in which dislocation has occurred across tluj 
channel of a stream. If downthrow is on the downstream side of 
the fault, the stream will incise its course in the upthrown block 
and will build a small alluvial fan in front of the scarp (Fig. 217, 
A). This process will continue until the river ^s channel is reduced 
to a uniform grade. Following relative upthrow of the down- 
stream block (Fig. 217, B), the fault scarp serves as a dam above 
which a lake may be impounded. The lake will rise until it 
spills over at the old channel. The outlet will then be degraded 
until the lake is drained and any sediments which may have 
been spread over its floor will be incised. 

208. Displacement Relative to Sea Level. — ^When we say that 
one fault block has moved up or down with respect to another, 
we do not imply anything as to the actual change of position com- 
puted from sea level. Slickensides and measured relative dis- 
placements do not solve this problem. Both fault blocks may be 
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lowered, but if one sinks more than the other, the latter appears 
to have been raised. For ancient faults it is practically impossi- 
ble to determine the true change of position. Recent earth 
movements can be studied by levelling. A comparison between 
old and new triangulation records may establish results as to 
uplift or downthrow with respect to sea level. This is really the 
only satisfactory method, although certain physiographic fea- 
tures, when observed not too far from the coast, may be signifi- 
cant. For instance, where there is evidence that a late young 
topography, adjacent to the coast, has had its valleys suddenly 
aggraded from the shores line inland to a fault scarp which shows 



217. — RplntioriH of faulting to 8treaiiit(. A, upthrow on upHtroam nnlv of fault; 11, 
\ipthrow on downnt r<*am aide of fault. A lakp has formed upHtrpaiu from the fault in H. 

downthrow toward the sea, the seaward block has probably been 
depressed with respect to soa level. In this, as in other prob- 
lems, the correlation of geologic and physiographic phenomena is 
of great importance. 

209. Original Inclination of a Fault Scarp. — ^The average 
inclination of a fault scarp may be less than the dip of the fault 
(or faults) either because the displacement is a distributive fault 
or because the scarp has been lowered by erosion. Professor Wm. 
M. Davis suggested a physiographic method of determining 
in a rough way how steep a dissected scarp may have been before 
it was modified by erosion.^ If the fault had been very steep, 
as in Fig. 265, a talus would probably have accumulated at the 
base of the scarp between the notches, and this rock waste would 
have been conspicuous in front of each triangular facet for a 
long time during the erosion of the fault block. The absence 
tBiblieg.f Davis, W. M., 1909, p 754. 
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of a talus with thos(^ rolations would therefore indicate that the 
scarp was originally of comparatively low inclination, perhaps 
not much over 30° or 35° (246). How(»v(*r, we might iissume 
that, for a steep fault, slii)ping might have been intermittent 
through a pc^riod sufficiently long to permit erosion to keep the 
scarp reduced to a low angle and to remove the waste. 

210. Topographic Forms as Evidences of Faulting. — None of 
the land forms listed in Art. 203 can be accepted as prima facie 
(jvidenee for faulting. Perhaps the most significant are rifts, 
kerncols, and kernbuts, and certainly: (1) scarps which interrupt 
the continuity of slope on constructional surfaces (248); (2) 
local abnormal changes in stream courses associated with trans- 
verse scarps or rift valleys in the banks on eitluu’ side (207); and 
springs in linear arrangement. But rift valleys, kernbuts, and 
kerncols are not always easy to recognize; scarps, faceted spurn, 
gaps, and valleys may originate in other ways than by dislocation; 
and springs may be arranged in linear fashion where a water- 
bearing stratum comes to the surface in a long narrow belt. 
Faceted spurs may be made by glac^ial scour or by marine erosion 
(261) ; valleys may be eroded upon belts of wtiak rock, or along 
lines of igneous contact and of unconformity (270, B); erosion 
scarps often look very much like fault scarps (248), and raised 
beaches, river terraces, etc., may resemble low fault scarps in 
unconsolidated gravels or in other loose deposits (262-267). A 
common fallacy is to ascribe joint-faced erosion scarps to faulting. 
Such scarps are especially numerous in glaciated lands and they 
may be very striking in their regularity and in their extent. 
They are often the plucked sides of roches raoutonn^es. As in the 
case of many of the geologic structures mentioned in the preced- 
ing pages, these topographic forms suggest the possibility of 
faulting, but they do not prove it. Before they can be attributed 
to faulting, the geologist must demonstrate that there is no other 
reason for their being. In other words, he must be able to dis- 
criminate between them and other similar features of the land 
surface.^ For the comparison between like topographic forms, the 
reader is referred to Chapter XI. 
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JOINTS 

Terminology and Classification 

211. Definitions. — Well-defined eraeks in a rock divide it into 
blocks. If, along such a crack, there has l)een no slipping of one 
block on another, or if one block has slipped only a very little 
against the other, the crack is termed a joint. Slight displace- 
ment may sometimes be seen when, for instance, a pebble in 
conglomeratt^ has been split by a joint and the pieces have siibse- 
(]Uontly been cemented tog(ither in their altered position by v(4n 
material. The blocks between adjacent, joints, or blocks bound(‘d 
by joints, are called joint blocks. Their breadth depends upon 
the spacing of the joints. The opposing surfaces of two blocks 
at a joint are the walls or surfaces of this joint. Short or long, 
straight or curving, regularly or irregularly distributed, joints 
display great variety of character. They may be arranged in 
definite all those belonging to one set having the same 
general direction. Often the fractures of one sot are better 
developed than those of the other set or sets in a locality, and 
we then call the former the master joints or major joints. Th(^ 
strike and dip of a joint may be taken on the outcropping edge 
of the crack, or, if one block has been removed, upon the joint 
wall that still remains in situ. 

212. Classification. — Theoretically, joints may be classified 
according to whether they have been formed by compr()ssion, 
tension, or torsion. Since torsion is a special case involving both 
tension and compression, it will not be included here. Due to 
compression are: (1) irregular cracks induced by the expansion of 
rocks consequent upon chemical alteration; (2) diagonal joints in 
igneous rocks; and (3) probably a majority of the regular joint 
systems in stratified rocks. Tension joints include: (1) irregular 
craekvS formed in the shrinkage accompanying certain kinds of 
rock alteration ; (2) hexagonal columnar structure and associated 
fractures due to cooling; (3) cross joints in igneous rocks; (4) 
small local cracks, opened in folding, in the upper parts of some 

I. and less often in the lower parts of synclines; (6) gash 
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joints transverse to cleavage in sheared rocks; (G) fractures 
clearly associated with tension faulting; (7) cracks due to the 
drying of muds, clays, and argillaceous limestones. 

To say whether the origin of this or that joint or set of joints is 
to be ascribed to tension or to compression is not always possible. 
The criteria are too indefinite and the probhm is often too 
complex for solution. Typical tension fractures bear on their 
surfaces evidences of pulling apart, of disruption. From their 
walls project the grains or pebbles or other physical constituents 
of the broken rock, and each projection on one joint surface is 
matched by a hollow from whicJi it was torn on the other surface. 
Thus, tension cracks characteristically have rough, granular 
walls. On the other hand, joints arising from compression are 
really shear surface?i along which there has been a small differ- 
ential gliding of the blocks. Such fractures cut across pebbles 
and large grains indiscriminately, so that the joint walls are 
apt to be comparatively smooth. Mathematical flatness and 
smoothness are prevented by the imperfect elasticity of rocks 
and by other interfering factors. More significant than these 
surface features in determining the nature of the causal fortte arc 
the larger relations to folds or to adjacent igneous bodies. These 
will be mentioned below in describing the more important types 
of joints. 


Description of Joints 

213. Primary Fracture Systems in Igneous Rocks. — In igne*- 
ous rock bodies several kinds of primary fracture artj recognized. 
These are primary in the sense that they originate through forces 
acting during what may be called the emplacement period of the 
eruption. These classes of fracture include the columnar and 
transverse jointing observed in many flows and some thin intru- 
sive sheets (Art. 214); and the following six kinds of fracture, 
usually rather definitely related to flow structure in the larger 
eruptive bodies: (1) cross joints, (2) marginal fissures, (3) 
longitudinal joints, (4) diagonal joints, (5) flat-lying primary 
joints, and (6) flat-lying normal faults (Art. 216). * 



248 


FIELD OEOLOGY 


lilies (113). They an* of i(*T»sion origin. Flow stnicture must 1 k^ 
present for their designation. Where tbv.y pass down into the 



Fia. 220.~-DiaKram to illuntrate bending of weak and strong material and attendant 
development of marginal fractures or joint fans. In A, a w^eak substance protrudes in the 
direction of the arrow, between stationary walls to the left and right. The sones of intense 
lengthening (between the dashed lines) are relatively narrow, as show'ii by the curvature of 
the three lines. Under suitable conditions, tension join1>s open within these sones, approsi* 
mately normal to the lines of local elongation. In nature the marginal fissures near intru- 
sive contacts are due to a similar lengthening of the magma. In B, the material is stronger 
than in A. The sone of bending is wider, the elongation per unit area iess intense. Frac- 
tures within the border sones are more widely spaced, and the dip is steeper. In C, a strong 
substance is bent. Distinct sones of bending disappear, and a continuous symmetric arch 
results. The fractures are arranged in a broad fan. The fans of tension joints in massifs 
are believed to form under similar conditions; hence, they are steeper than marginal fissures 
and reach from cme end of the massif to the other. (After Rol^rt Balk, Bibliog., 1937, 
p. 102. See caption for Fig. 219.) 

more massive p^rt of the igneous body, •where flow lines may be 
wanting or indistinguishable, they are called tension joints; but, 
to be so classified, their relationship to the true cross joihts must 
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be established. If the flow lines form an arch or dome in the 
igneous mass (Fig. 91), the cross joints will be arranged in a fan 
(Fig. 219). This fan of cross joints may extend into the country 
ro(?k, which suggests that the wall rocks as well as the intrusive 
suffered some stretcdiing or elongation in a direction normal to 
these joints (Fig. 219). 

The steep border regions of some', largo intrusions are accom- 
panied by systems of aplite and pegmatite dikes, (juartz v(4ns, 
and fissures, which dip into the igneous body at angl(\s Ix'tween 
20 and 45°. These belong to the class of marginal fiasnreSf 
probably caused by local stretching involved in the upthrust of 
the eruptive mass (Fig. 220). 

Quoting Balk,^ ''In border zones wli(‘re flow structunvs are 
vertical, these fractures have distin(*t dip anghss, wheic^as true 
cross joints would lie horizontal. ... In natun^, . . , steeply 
dipping flow layers and flow lines represent the (‘arliest stag(»; 
marginal fissures dip gently into the intrusive because*, th(*y w('re 
formed a little later — i.e., the magma had stiffened somewhat 
during their period of origin. ... A broad fan of cross joints (or 
tension joints) is superposed, in general, to all other elcm(*nts, 
being tKe expression of slight bending or arching in a highly 
rigid material.’^ Figure 219 giv(\s a diagrammati<i picture of 
these relations. 

Longitudinal jointSj or strike jointSj are stet^ply dipping fractun*, 
surfaces that strike parallel to the flow lin(*s. Tlniy are not so 
smooth as cross joints. 

Diagonal joints are steeply dipping fractures that tend to lie 
at angles of approximately 45°, or more, to the trend of the flow 
lines. They may therefore occur in two sets, although locally 
one or the other set may not be developed. These joints arc 
regarded as shear planes produced by compression normal to the 
trend of the flow lines. 

Primary flat-lying fractures may occur in sheetlike intrusions. 
Their origin may have been aided by approximately horizontal 
floors or roofs (of the chamb(?r invadixl by the magma) or by 

* Bibliog., Robert Balk, 1937, p. 101. 
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low-clipping flow layer’s; but they are not limited to associations 
of this kind. Care must be exercised in discriminating between 
thtise primary fractures and the joints opened by (Exfoliation 

(216). 

Flat-lying normal faults (Fig. 221) ''are so arrang(^d that the 
sum of all displacements along tlu^m widens an intrusive hori- 
zontally. . . . The strike of these faults may vary, but the 



Fio, 221. — AciROciatioii of flat-lyiiiK Jiuiiiml with lAfiiRinal fioRijrf^A and thrusts. 

Alonff steep contaotK (loft and rifdit), marginal fiasuioM pievail. They leagtheii the niaenif 
upward and outward. The flaidying normal faultx (center) distend the intniHive hori*on- 
tally and seem to develop espooiall> near subhorizontiil oontactH. In some instances, the 
expansion along these fracture systems seems to be caused by continuous intrusion of magma 
into the core of a massif. (After Robert Balk, Bibliog., 1037, p. 107. See caption for 
Fig. 210.) 

azimuth of the slickensides on them is parallel to that of the flow 
lincs.^’^ 

216. Sheet Jointing in Massive Rocks. — Sheet structure, sheet 
jointing, or sheeting may be seen to good advantage in granite 
and othiET massive, homogeneous rocks. The joints are broadly 
undulating and are roughly parallel to the surface of the ground. 
They divide the rock into flat sheets, or into lenticular slabs that 
lie so that the thick part of one rests upon the thin ends of two 
underlying lenses (Fig. 222). The vertical spacing of the blocks, 

p. d07. 
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the thiekiiess of the slabs, increases down ward. The fractur- 
ing is believed to be due to relief of pressure, and consequent 
vertical (*xpansion, through 
removal of the overlying rock 
by erosion.^ 

When sheet jointing is pres- 
ent in massive sedimentary 
rocks considerable care is 
sometimes necessary to dis- 
tinguish between it and strati- 
fication. Even granites and 
oth('r igneous rocks that ai‘e 
well sheete<l may look very 
much like strata from a dis- 
tance. 

217. Columnar and Transverse Jointing Not Related to Igne- 
ous Eruption. — Sun cracks arc an exami)l(‘ of original or con- 
temporaneous hexagonal columnar jointing (68). Th(‘ tendency 
to open along the old fissures may persist even through the long 
period of burial and lithification of the mud, so that, when the 
consolidated rock is finally exposed by erosion, joints may form 
along the ancient sun-crack surfaces. These inclose short, 
roughly hexagonal columns just as the sun cracks did. Perpen- 
dicular to the bedding surfaces the columns fade away down wan I 
but terminate abruptly upw^ard. (Why?) These rc^vived orig- 
inal fractures are seldom found. They have been noted not only 
in mudstones but also in limestones that have suffered exposure 
to the atmosphere at intervals during their accumulation. 

218. Intersecting Joint Systems in Stratified Rocks. — In 
the stratified rocks of any district joints may be seen striking in 
all the directions of the compass, but among these a large propor- 
tion usually fall into two or more distinct sets. These are the 
major joints, and it is these that the following description 
concerns. The minor fractures are merely the outcome of the 
complex conditions of force and resistance that must obtain in a 

‘ Bibliog., DaItB, T. N., 1907; pp. 30-38. 





252 


FIELD GEOLODY 


strained soric's of variable beds. IVobfibly the majority of joints 
in stratified roeks af(i the nvsult of compression or of torsion, 
seldom of simple tension. 

1. Compression along a single axis may i)roduee two, four, or 
more joint sets, and there is a tendc^ncy for fractures in intersect- 
ing sets to be perpe'iidieular io one anotheu* and for all the sets 
to be approximately at 45° to the^ direction of compression (Fig. 

223). Two sets of joints thus 
mutually related are called 
conjugate sets. All such joints 
(compression joints or shear 
joints) are likely to show on 
their surfaces indications of 
slight sheas-ing, and close in- 
sj)ection may reveal minute 
displacements between the 
severed parts of fractured ob- 
jects in the rock. In a region 
of folding, if t^wo joint sets 
only are well developed, both 
may strike roughly parallel to 
the fold axis {strike joints) , or 
at an average angle of 45° to 
this direction (Cf. A and B, 
Fig. 223). If parallel to the 
axes, these joints dip so that 
they converge above anticlines 
and below synclines (Figs, 
224; 225, A). If the joints 
strike oblique to the fold axis (Fig. 223, B), they will have a nearly 
vertical dip. The first condition, A, is best developed where 
vertical relief is comparatively easy upward and the second 
condition, B, where relief under the compression is more easy in 
a roughly horizontal direction. It is possible also for joint 
systems to result from compression acting along the foy axes in 
cojndition of strain for the formation of complex folds ( 167 ). 



Kio. 223. — Compression joints, in conjugate 
sets, made by forces acting in the direction of 
the arrows, ab would be the approxin ate 
strike of bods folded by thej<e forces. I A 
both sets of fractures are strike joints; in 
both sets are diagonal joints. All four 
might well be produced in a single rock mass. 
They are shown separately here merely for 
comparison. 
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If, through this minimum fomprossion, fracturi's arise striking 


perpendicular to these lines of 
nearly in the plane of the dip 
dip joints. Their dips will 
approach 45°. 

For the significance' of cer- 
tain kinds of compression 
joints in folded strata, refer to 

Art. 228. 

2. Torsion, like compres- 
sion, may give rise to two, 
four, or more sets of joints 
that bear similar relations to 
one another and that tend to 
mak(; an angle of 45° with the 
axis of twisting. Torsional 
stress probably accompanies 
the warping and compression 


force, their averages strike will bci 
of the main folds. They will be 



Fio. 224. — niook (iiuRra of h thin, wtMik 
lM‘d (ab) botwocm two ll;irk. sfroiiff I In. 
The frHctiiri?H in the «ttroi k IxmIn urc iko 
jointH formed hy comfiiess on. Thewp wl ich 
are parailpl to the heddime bpddiiif; joi itn. 
In the weak bed thr curved fractiircH an* frac- 
ture cleavaRc, and the five short cracks am 
psash joints formed by tension. (After K. 
Steidtmann, with niodlficatio!i.) 


that produced complex folds. Since torsion involves both 


compression and tension, fracture systems related to both condi- 


tions of stress may develop. 




I'lo. 225.--SecUons of folded strata intersected by strike joints. In A the fractures are 
compression joints, and in B they are tension joints. 

3. Sometimes tension may lead to the formation of cr4cks 
at the crests of anticlines and less often at the troughs of syn- 

‘ See aWb Bibliog., Bucher, Wautbr H. 
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dines, where stretdiing results from folding; but it is doubtful 
whether joints of this nature are common. In simple folds 
tension joints strike parallel to the fold axes, and in complex folds 
there are two sets, one striking parallel, and the other transverse, 
to the axes. These joints, unlike the fractures made in analo- 
gous positions by compression, dip so as to diverge above anti- 
clines and below synclines (Fig. 225, B). 

According to Cloos,‘ tension joints p(»rpendicular to fold axes 
are (common. He comijares tlnun with cross joints in igneous 
ror^ks, since, in both cas(is, they arc essentially normal to the 
direction of greatest (dongation (fold axes; linear flow structure). 

Gash joints are short, local tension fracdurt^s (Fig. 224). 

The geologist may take for granted that lithified, flat-lying 
strata have nearly always suffered broad-scale warping, although 
in small areas no dip ma}^ be appan^nt. These ^‘horizontal ” beds 
are commonly intersected by two main vertical joint sets approxi- 
mately perpendicular to oiu* another. Kx'tyended field work in 
some regions has demonstrated not only the existence of broad 
undulations in such strata, but als(y the fact that the two master 
fracture sets strike respectively })erpendi(*ular and parallel to the 
axes of the low folds and dip so fis to converge above anticlines 
and below synclines. For these particular areas, then, the joints 
would s()em to be of compn'ssional origin. In distinctly folded 
rocks conspicuous joint sets arc more numerous and more closely 
spac(‘d, and their study is correspondingly more difficult. 

No individual joints, not even the master ones, are continu- 
ous for long distances. Wlien a fracture ends it is usually 
i-eplaced, on one or the other side, often with a few inches or 
a few feet of overlap, by other joints having tlie same trend. 
In strata of variable resistance, joints in one bed often end 
abruptly against an adjacent bed or they may turn and pass 
through the latter bed in a different direction. ^ 

1 Bibliog., Cu> 08 , Ernst, 1937, p, 74. 

^ For importaiakt papers on joints sec Bibliog., Mea.d, Warren J., 1920, 
and Bucher, Walter H., 1920-1921. 
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Interpretation of Joints 

219. Interpretation of Joints.- -Careful field investigation of 
joints assist in the intiTpretation of local and regional 

geologic structures. Take, for example, hexagonal columnar 
jointing (214). We know that the columns are ai)t to dev(»lo'p 
perpendicular to the igneous contact at which their growth 
commences. Therefore, if a rock has vortical (columnar jointing, 
the (iontact is probably horizontal, and if tlui (iolumns are hori- 
zontal the (iontact is vertical. If such columns are present, they 
are apt to be vertical or steeply inclined in nu'cnt lava flows, 
per])endicular to the adjacent strata in sills and laccoliths, and in 
dikes that cut stratified rocks they am parallel or inclined to the 
bedding. 

In proportion as the columnar structure is less p(^rfect, the 
transverse joints become more conspicuous. Th(\y may be of 
use because of their approximate parfillelism with the contact. 
Following is an actual example: A certain outcrop of trap was 
intcnvsected by what appeared to be a very complex system of 
joints. Upon close (examination one fracture set seemed to be 
better developed than the rest. It had a definite trend and the 
cracks belonging to it were, manj'^ of them, continuous for 
several yards. They had a strike between N 10° W. and N. 10° 
E. and a dip of about 50° ea.stward. There were several other 
less prominent joint sets more or less perpendicular to the 
master set. Knowing that trap occurred in this region gonei'ally 
in straight-edged dikes and assuming that the fissures were of 
the tension class, the geologist inferred that the master set 
corresponded to the transverse variety of joints, that the contact 
might have approximately the same attitude, and that, therefore, 
search shoulci be made on the eastern and western edge^i of the 
outcrop. By removing the sod here and there this conclusion 
was proved to be correct. The country rock was found, the 
igneous rock was shown to be a dike, and the attitude of the 
dike was obtained. The value of this method lies, not in its 
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infallibility, for it is by no rm^aiis (certain, but in its suggcistivojioss 
whore contaots are huhhun 

In field studies of the larger eruptive bodies, the geologist 
should investigate and map both flow structures and fracture 
systems in ord(U’ to asctu'tain their mutual reflations. P^rorn such 
data he should be abh' t o l(farn a g!*eat deal eoncerning the form 
of the igne^ous body, the nature and attitude of its contacts, and 
the mechanics of its emplacement (Art. 444). 

In regions of fokh^d strata, whether the folds are broad and low 
or arc close and indicative of strong deformation, the master joint 
systems usually exhibit a marked degree of regularity over an 
an^a mucih more extensive than the individual folds. Conse- 
quently, if carefully mapped and properly interpreted, they may 
reveal valuable information as to the histor-y and larger struc- 
tural features of the regional geology. 

Joints in Relation to Their Time op Origin 

220. Age of Joints. — From what has been stated above certain 
important conclusions ma}'^ be drawn: (1) Joints having different 
attitudes may be of the same age, whether they are intersecting 
or not. (2) If, in homogtiiieous lucks, the joints of one set. A, 
are relative^ly short and always terminate against the fractures of 
another set, B, A may be younger than B. (3) If joints in a 
given bed terminate abruptly against an overlying bed, they are 
not necessarily older than the latter; rather they are almost surely 
younger. (4) Conjugate sets of joints in folded strata striking 
at approximately 45® to the direction of maximum compression 
are essentially contemporaneous with the folding. (5) Joints 
due to the cooling of an intrusive rock are younger than the 
adjacent country rock (214). (6) Joints due to the cooling of a 

lava flow are younger than the underlying rock. (7) Joints that 
are due either to drying or to cooling are essentially contempo- 
raneous with the origin of the material in which they occur. (8) 
In the larger * igneous bodies, cross joints, marginal fissures, 
diagonal joints, and other fracture systems belong to the later 
ftage^ of intrusion when the magma had already become too 
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viscous to flow but while it was still under the stresses involved 
in its emplacement. To these statenu'nts may be added the 
following: (9) Joints may be synehionous with cleavage (q.v,). 
(10) Compression joints may be contemporaneous with com- 
pression faults {q.v,), and tension joints may be eonUmporaneous 
with tension faults (q.v.). 

The geologic age of joints may sometimes be ascertained by 
their relations to dikes. For instance, in a (certain region where 
late Carboniferous strata were folded bc^fore the Triassic period 
(;ommenced, the beds were abundantly cut by sc^veral prominent 
sets of fractures. Parallel with these fractures and showing every 
sign of having been intruded into some of them, arc numerous 
dikes of Triassic age. Obviously the joints are pn'-Triassic. and 





Fio. 22G. — A line of unconformity, ah, which indicates by its form that the older forma- 
tion (dash pattern) had vertical and horizontal joint sets prior to the deposition of the over- 
lyiitK sediments. 


post-Carboniferous, and they must, therefore, have been con- 
temporaneous with tlu* folding, or a little later. 

Joints were no doubt developed near the carth^s surface in the 
past just as they are today, and we might, therefore, expect to 
find signs of old fracture systems at surfaces of regional uncon- 
formity. How’ever, it would require a shrewd geologist to prove 
that existing tracks in the underlying formation (below the 
unconformity) are old fissures reopened and are not joints of the 
same series as those in the overlying younger formation. More 
satisfactory evidence is necessary. This may be; found where the 
old joints were filled, previous to the first erosion period, by vein 
material or by dikes, or later, at the close of the erosion period, 
by sediments belonging to the overlying formation.^ By their 
shape and relations to the surface of unconformity, these joint 
fillings may indicate something of the original character and 

^ It must be clear that the old fissures were not opened along faults. 
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arrangement of ilui fractures in which th<\v were formed (Fig. 
226). 

Joints in Relation to the Land Surface 

221. Relations of Joints to Erosion and Topography. — Joints 
are the commonest kind of fractures in rocks. In promoting 
erosion they arc of the utmost importance, for they serve as 
channels for waters that cause decomposition, they facilitate the 
wedge action of ice in disintegration and in glacial quarrying, and 
they invite concentrated attack by abrasive agents. Many ero- 
sional processes arc accomplished by the removal of joint blo(;ks. 
The surface configurations of ledges, cliffs, and mountain sum- 
mits are generally conditioned by joints. Indeed, it has been 
demonstrated that the pattern of drainage and topography in a 
region often reveals a marked dependence upon the existing 
fracture systems. Thus, the elbow turns in many young streams 
are not infrequently due to a shift of the current from one joint 
set to another. The student should be on the lookout for this 
kind of topographic control, not only in the field, but also by com- 
paring joint directions as plotted on a contour map with the pat- 
tern of rivers, lakes, and divide^ ^ 

FRACTURE CLEAVAGE 

222. Definition and Origin. — Rock cleavage has been defined by 
Leith as a ‘‘structure by virtue of which the rock has the capacity 
to part along certain parallel surfaces more easily than along 
others. ”2 He goes so far as to include within the definition such 
primary parallel structures as bedding, flow structure in igneous 
rocks, etc. Ordinarily, however, in speaking of rocks, geologists 
apply the term “cleavage'* to secondary structures only. This 
is the sense in which it is used in the present book. 

Cleavage in rocks — also called fissilitu — may be induced by 
fracture or by flowage. The discxission of flow cleavage is 
reserved for Chapter IX. Fracture cleavage, also called fissiliiy, 
may be regarded as a special case of jointing or of faultinir in 

' BibUog,, Hobbs, W. H. 

* BIbUog., Larm, C. K , 1905, p. 11. 
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which the displacements are minute and the ^‘blocks” are thin 
slieets. Not infrequently it occurs in two or more intersecting? 
sets that divide the rock into small polygonal blocks. In thin 
sections, for microscopic examination, fracture cleavage is seen 
to consist of true fissures (Fig. 227). Sometim(‘s the microscope 
reveals columnar or platy minerals distributed in the planes of 
the fracture, with i-heir long dimensions parallel to it, so that they 



227. — Microscopic section of fracture cleavage (diagonal) crossing flow cleavage 
(horizontal). (After T. N. Dale.) 

give the appearance of flow^ cleavage (g.r.). They may have', 
acquired this arrangement by growth afttjr the origin of the frac- 
ture cleavage or by rotation of the parallel mineral grains of flow 
cleavage into parallelism with a subsequent fracture ch^avage. 

For further details on fracture cleavage refer to Chapter IX. 

BRECCIAS AND AUTOCLASTIC STRUCTURES 

223. Definition and Classification. — The term breccia (pron., 
bretchia, not breck-chia) is derived from a root which means to 
break. As far as its origin is concerned, it might be applied to a 
rock which is intersected by closely spaced joints, but this use is 
not accepted. The word is best employed for rocks which hav<^ 
the following qualifications: (1) the rock consists of an unsorted 
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niEKs of angular fragments contained in a matrix of the same or 
of different material; (2) these fragments have acquired their 
angularity through breaking, not by abrasion; (3) the materials 
may have been somewhat shifted from their position before 
breaking, but ordinarily the change of position is not great. To 
these qualifications there are some exceptions which will be noted 
below. The class of breccias in(?ludes fault and other friction 
breccias, talus breccias, breccias resulting from change of volume, 
explosion breccias, flow breccias, and intrusive breccias. 

1. To friction breccias belong fault breccias and shatter zones 
caused by mechanical stresses acting through the earth. They 
grade into cataclastic structure, a microscopic kind of brecciatioii 
present in many gneisses and schists. Both compressional 
(thrust) and tensional (gravitational) faulting may cause irregular 
fracturing by the grinding of the blocks against one another, and 
sometimes the fragments may show evidences of rubbing ( 46 ). 
By excessive attrition due to shearing such fragments may 
become more or l(\ss rounded. The matrix of a friction breccia 
generally consists of the same substance as the larger fiagments 
but in a more firn^ly pulverized condition. Friction breccias 
such as those just desc^ribed are called autorlastic (‘‘self-broken ”) 
rocks. In general, as contrasted with normal elastics, they are 
apt: (a) to consist of homogeneous material like that of the adja- 
cent rocks; (b) to contain a large proportion of vein cementing 
substance; and (c), when in strata, to trend across the bedding; 
but none of these criteria is decisive. 

Under friction breccias may be put certain fracture structures 
of superficial origin. Breccia structures may result from over- 
riding ice. The disrupted material may have been solid rock or 
unconsolidated gi‘avel, sand, or mud, temporarily cemented by 
int^erstitial ice ( 94 ). Evidences of associated glacial deposits and 
signs of ice abrasion should be sought. Landslide debris and 
breccia structures caused by other kinds of gravity slipping of 
•essentially superficial origin may also be listed here. 

2. Since talus d^ibris is the product of a disruptive? process it is 
^l)ropei*ly classified as a breccia; but it differs from friction breccias 
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ill that, the fragments accumulate many fi'ct. or ci'cii several luui- 
dreds of feet from their source. Coarse-grained rocks may suffer 
rounding by disintegration so that the talus fragments may lose 
their angularity. Criteria for consolidated talus are: (a) the 
materials show different degrees of weathering; (h) the matrix 
is of the same materials as the larger blocks; (c) the deposit is 




Fla. 228. — Breccia Btructuros. A, agglomerate; B, flow breccia. In B many of the frag- 
ments seem to have fitted together and to have been separated by only a little tlistaiice. 
This is because they were broken essentially in ntu. The fragments in A were thrown by 
volcanic explosion some distance from the place of their shattering. 

often associated with other sediments as a basal accumulation 
above a regional unconformity; (d) the deposit is banked up 
against a cliff (usually buried if the talus is consolidated rock). 
The materials of talus are homogeneous or heterogeneous, 
depending upon the nature of the cliff rock from which they wc^re 
derived, 

3, Rocks may be broken as well as folded (9 in 169) by change 
of volume effected by decomposition. Breccia structure of this 
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origin does not in itself eause removal of the fragments. If they 
remain (essentially in place, the}" constitute a mass which grades 
down into the subjacent unshattered rock of the same kind. 
Being for the most part only slightly dislodged, they can often be 
seen to have once fitted together. There are no signs of faulting. 
Interstitial material b(itween the fragments is in relatively small 
amount and is apt to be foreign. 

4. Tuff and agglomerate are varieties of breccia, the fragments 
having l)een broken and thrown up by volcanic explosion. The 
larger blocks in agglomerate may be of lava or of the country 
rock which was pierced by the conduit, and the matrix may con- 
sist of tuff, with or without finely comminuted countr}'^ rock (Fig. 
228, A). Vein cementing substances are common. The best cri- 
terion for pyroclastics, aside from their lithologic characters, is 
their interstratification with recognized lavas. 

5. Flow breccias (Fig. 228, B) are formed by hardening and 
breaking of the surface of a lava sheet while still flowing. The 
fragments and tJie matrix are of the same material, the matrix 
having frozen about the fragments from a molten condition. 
Various lava structures are usually present both in the fragments 
and in the matrix. 

6. The process of intrusion may be accompanied by breccia- 
tion of the country rock, or brecciation by some other method 
may be followed by invasion of the shattered zone by magma, 
and in either event the inje(^t(*d magma will congeal as a matrix 
round the fragments of the country rock. Plutonic differentiates 
may harden and then be broken b}’^ movements of the residual 
magma which subsequently freezes about the inclusions. Again, 
by magmatic stoping, blocks split from the roof of a magmatic 
chamber (batholith, etc.) may be preserved as angular masses in 
the marginal parts of plutonic bodies. All these are ordinarily 
classed as intrusive breccias (plutouic breccias, shatter breccias, 
neck breccias, etc.) (refer to Arts. 136 - 139 ). The only rocks 
with which they are likely to be confused are flow breccias. 
Their recognition depends upon the determination of tlje matrix 

as unquestionably intrusive in its relations. 
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Metamorphism in General 

224. General Conditions and Effects of Metamorphism. — It 

has been pointed out in Art. 164 that the lithosphere is divisible 
into a lower zone of do wage and an upper zone of fracture. All 
through the lithosphere water is present, but it is in relatively 
small amount in the lower zone. In the upper zone it occupies 
fractures and other open spaces. From the zone of flowag(^ 
upward to a l(*vel near the earth’s suHace, called ground-tvaUr 
level or the water table, the rocks are saturated with moisture. 
Above the water table is a thin shell whic^h has a variable water 
content and in which the principal movement of the water is 
downward. This outer shell of the zone of fracture is known as 
the belt of weathering, for proc(%sses of weathering are hen* pre- 
dominant. Since the water table may fluctuate, rising in wet 
weather and falling in dry seasons, and since, locally, it may even 
reach above the earth’s surface, as seen in ponds and rivers, the 
belt of weathering has a thickness which varies from zero to 
several hundred feet. The saturated rocks between the water 
table and the zone of flowage are in the belt of cementation, so 
called because many substances dissolved in the belt of weather- 
ing are carried down and deposited in this underlying region, 
thus cementing grains together and filling open spaces. It is here? 
that most vein deposits originate (Chapter X). 

All rocks are more or less subject to alteration if the conditions 
under which they were formed are changed. Such alteration is 
called meiamorphiam. It may be induced chemically or mechani- 
cally, Gasea and liquids, heat, static pressure (simple downward 
pressure), differential pressure, and duralian of time arc the impor- 
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tant fac^tors conct^rnod in both chemical and mechanical changes. 
On account of the different conditions existing at various depths 
within the lithosphere, different chemical processes assume chi('f 
importance in th(^ zones and belts referred to above. In the zon(^ 
of fracture, oxidation, hydration, and carbonation prevail, the 
first b(jing particularly characteristic of the belt of weathering 
and the other two, of the belt of cementation. Complex silicates 
bn^ak down and simpler, less dense minc^rals form. These proc- 
esses are therefore said to be katamorphic {koltol, down, and 
form) and the zone is called the zone of katamorphism. In 
contrast to this, reactions in the zone of flowage may involve; 
deoxidation, dehydration, and decarbonation. Here silicates are 
built up, and the great pressure leads to the formation of denser 
minerals and a compact crystalline stru(!turc. This is known as 
the zone of anamorphism (dud, up, and iiop<t>ri,form)^ According 
to definition, any kind of alteration that any rock has undergone, 
whether katamorphic or anamorphic, comes under the head of 
metamorphism, but there are many geologists who prefer to 
restrict the meaning of this term so that it does not include 
weathering. It will be used in this restricted sense in the present 
book. 

Four important proc(;sses leading to change of the conditions 
under w'hich rocks originate are erosion, sedimentation, (u-uption, 
and mountain building. 

1. Through erosion rocks that were once at great depths are 
brought into regions of lower temperatures and pressirres than 
those which prevail farther down in the lithosphere. 

2. Sedimentation works in the opposite direction. Materials 
accumulated on the earth's surface, volcanic products, and high- 
level intrusive bodies (after their crystallization) suffer a gradual 
increase in temperature and pressure as they become more and 
more deeply buried, and ultimately they may enter the influence 
of anamorphic conditions. The weight of the overlying rocks is 
to be regarded ^ a simple downward stath; pressure which 

^ The reader is referred to Bibliug., Lbitii, C. K., aud Mead, Af. J., for a 
general discussion of the subject. 
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iiuhices little or no fock flowage. Hciiee the new minerals that 
develop are apt to be those with (‘quidimeiisional forms gar- 
net) or, if they are bladed or tabular (hornblende, staurolite, 
ottrelite, biotite, etc.), they grow in all sorts of positions (Fig. 
229). This is static melamorphism (Cf. 4, Ik'Iow). The increas- 
ing weight of accumulating sediments may sometimes so far com-, 
press the strata, vertically, that there is some differential lateral 
slipping and the consequent growth of mica plates parallel to 
this slight motion (Cf. 4, below) (See Arts. 72, 161 1f2). 



Fia. 229. — Metacrysts of ' hornblende in a gneisNio rock. The metacryets were forined 
after the development of the parallel gueisaic structure. (About H natural sise.) 

3. Through intrusion of magma or overflow of lava the adja- 
cent materials may be heated, invaded by gases and liquids, and 
otherwise affected. Of the several agents concerned, prcissure is 
usually of least importance. For the most part the alterations 
are chemical and niineralogical and they are often of the anamor- 
phic type, even within the zone of katamorphism. They come 
under the head of contact metamorphism (131-136). 

4. The forces which give rise to folds and compressional faults 
in the processes of mountain building are very effective agents of 
metamorphism. At any given point in a rock subjected to dif- 
ferential pressure, the forces may be regarded as resolvable into 
three coniponents at right angles to one another. ‘ These may all 
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l>e unoqual (thm'-dimcnsional stres8), or two may be equal and 
the thii’d greak^r or loss than the others (two-dimensional or 
plane strciss). A rock under this kind of uncjqual compression 
may be deformed by frac^ture or flowage. The metamorphism is 
said to be dynamic. 



Kia. 230. — LcriR of quartz granuleB in schist. (Enlarged 15 diameters.) The curvins 
lines represent layers of mica, which wrap round the quartz. The lens uriipnated through 
crushing of a large <|uartz grain. The mica was formed by recrystallization of substances 
which were present in the rock before metuniorphism. 


Rock cleavage (fissility) (222) is a common result of dynamic 
metamorphisin. That which is developed in the zone of fracture 
is fracture cleavage. In the lower zone, flowage is itself a meta- 
morphic process. It leads to the origin of flow cleavage^ a stme- 



A B 

Kig. 231. — Microscopic sections of cleavage structure developed through rock flowage. 
In A the biotiie (black) is arranged with its latlis all parallel and the quarts grains (white) 
have a slight tendency to be elongate parallel to the mica. In B there are three different 
minerals, all pf which are oriented in parallel position. Which rock would probably have 
the better cleavage? (B is after Black welder and Barrows.) 


turc coiisequpiit upon the parallel orientation of platy and 
columnar minerals and of minute lenticular aggregates of grains 
(Figs. 230, 231). This parallel arrangement of the mineral con- 
stituents is called foliation, and rocks having this internal struc- 
tare U!9 foliates. Locally, along surfaces of slipping, a parallel 
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arrangement of minerals may be produced in the zone of fracture. 
Flow cleavage is called slaty cleavage when it is so perfect that 
the rock splits into thin plates of uniform thickness, and it is 
called schistosily wh(ui the rock splits easily, but not always very 



232. — Mi<^roRCopiti section of “ sliced ’’ feldsparH (white) in mica NchiHt. (After K. 

Leith.) 


r('gularl^^ Hocks exhibiting thes(‘ features are calltMl slatc*s anti 
schists, respectively. Micas are thc^ commonest of the thin, flat 
minerals that give rise to flow^ cleavage. They often caust^ a dis- 
tinct sheen on the broad surfaces of the cleavage fragmenti*. 



Many schists have the mica flakes distributed in wavy lines (seen 
in cross section) which alternately meet and separate, and so 
inclose lenticular areas in which the constituents other than the 
mica predominate. These lenses range from less than an inch to 
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many fec^t in length. A gneiss is a metamorphic rock in which a 
l)and(;(l distribution of its constituents is more conspicuous than 
a parallel orientation of the individual grains. Many gneissi‘s 
contain feldspar, quartz, and mica, so that they look like granitic 
rocks, especially if their banding is not pronounced (233). In 

gneisses, foliation is not so well 
developed as in schists. 

Flow cleavage is produced, f.e., 
rock flowage is accomplish('d, by 
granulation, recrystallization, and 
rotation, thus: (1) Brittle ininci-als 
are crushed and the aggregates of 
minute fragments are flattened in 
planes at right angles to the maxi- 
mum stress (Figs. 230, 232). This 
is cAiiaclasiw structure, (2) From the 
old constituents new minerals are 
built and those are apt to be species 
with tabular or columnar shapes 
(Figs. 231, 232). If tabular, they 
grow with thc^ir flatness normal to 
the maximum stress, and if columnar, 
they grow in various directions, in 
planes normal to the maximum stress 
(plane schisiosiiy)^ or, if the mean and 
maximum forces are approximately equal (plane stress), such 
crystals may develop with their lengths parallel and in line with 
the minimum stress (linear schisiosiiy, parallel linear structure) 
(Figs. 233, 234). Minerals like quartz and calcite may or may 
not display elongation of grains, but, even when the grains are 
roughly equidimensional, they may reveal orientation of their 
ciystal axes, if examined under a. polarizing microscope.^ (3) 

* Crystals of the various minerals that compose rocks have definite prop- 
erties in fixed dirSetions, or related to fixed directions, within them, and 
Utese directions, called cejfstallograpMe oa?s«, can be studied examining 
Irikip slioes of the minerals with a special type of microscope. Properties 



Flo. 234. — End view of a specimeii 
of KtunHH huviiiR parallel liniear ntnic- 
lure. (C'f. Fig. 233, another view of 
the HBmc Bpeoimen.) 
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Old or new constituents may be rotak^d into approximate 
parallelism. 

After flowage has ceased, and static conditions have been 
resumed, heat, moisture, etc., may still continue to operate and 
so produce minerals without parallel arrangement. These will 
lie scattered in various positions through the schist or slate, that 
is to say, the features of static metaniorphisrn will be super- 
posed upon those of dynamic metamorphism. Often these later 
(jrystals are large and conspicuous. Being of origin subsequent to 
that of their inclosing matrix, tiny are termed pseudophenocrysis 
or meiacrystSy and the structure is pseud oporphyritic (Fig. 229). 

Quartzite and marble are not infrecpiently se(‘n interbedded 
with schists, yet as a general rule neither displays much evidence 
of flow cleavage. Both may originate under (iither static or 
dynamic conditions, through pressure or through contact meta- 
morphism. In quartzite that was formed under dynamic condi- 
tions, th<i quartz grains are usually a little longer than wide, and 
they are oriented in parallel position, but the elongation is not 
enough to be recognized by the eye. The massive character of 
marble is probably to accounted for by the ease of recrystalli- 
zation of calcite. Under static conditions following the cessation 
of differential pressure, the calcite readily recrystallizes without 
linear arrangement of its grains. If impurities are sufficiently 
abundant in these rocks, minerals such as the micas, amphiboles, 
etc., may be developed with distinctly parallel orientation in 
dynamic metamorphism, but without orientation in static 
metamorphisnl. 

In the foregoing paragraphs, we have referred to ‘‘parallel 
orientation” of mineral constituents of rocks having foliated 
structure. A better term would be “subparallel orientation,” 
for actual parallelism is rare, except in very small sections. 
The important f(*aturc is the tendency toward parallelism, or the 
approximation to parallelism, which is well expressed by the 

thus definitely related to thesrt crystal axes are referred to as vectorial 
properties. 
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terra ^‘preferred orientation/' which, as defined by Knopf and 
Ingerson,^ describes the spatial relations of the individual grains 
and also implies that these relations were effected through move- 
ment within the ro(^k at the time of its origin. 

Preferred orientation is applied to any rocks in which the con- 
stituents acquired orientation as a consequence of movement 
within the rock during its origin. Thus, the term includes orien- 
tation of the phenocrysts in cert.ain igneous rocks; orientation of 
clastic flakes or mica in sedimentary rocks; orientation of micas, 
hornblende crystals, quartz grains, etc., in metamorphic rocks; 
etc. 

As siiggested in previous statements, preferred orientation 
includ(^s dimensional orientation, f.c., orientation of grain shape, 
and also crystallographic orientation (orientation by crystal 
vectorial properties), as in the constituents of many quartzites, 
gneisses, marbles, etc. Rock fabric is a term used to include not 
only the pattern and granularity exhibited by the shape of the 
constituents but also the pattern made by the orientation of the 
internal crystal structure of the individual grains. 

The study of rock fabric, as thus defined, is petrofabrics, which 
is beyond the scope of this book. However, we do want to 
emphasize this fact, that, just as minor folds and cleavage may 
be of great assistance in interpreting the nature of major folding, 
so also the microscopic examination of rock fabric may serve to 
unravel problems in structural geology. This the student should 
keep in mind in case he wants further evidence that may bear on 
his field studies and conclusions. 

In the words of Knopf and Ingerson,* 'The purpose of the 
final microscopic analysis of the internal grain structure of the 
rock is to block out an accurate ground plan by which to check 
and, if necessary, to modify the interpretation of megascopic 
structure as determined from field evidence. This kind of 
analysis may wipe out many futile speculations as to whether 
such and such joints are tension joints or shear joints, wheUier a 

^ See bibliog., Knopf, Elbanora Buss, and Earl Inobrson, 1938, p. 7. 
lEtibllof.', Ibid., p, 27. 
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given schistosity has developed at 45 or 90® to the direction of 
applied force, whether a given stnicture is the result of tangential 
shearing stress or of compression. An intimate and exact 
knowledge of rock fabric and of the movements that formed the', 
fabric has already been acquired by the use of this tool and has 
thrown much new light upon the processes of sedimentation, or'e 
deposition, rock deformation, and metamorphism/' 

Several kinds of metamorphism have already been mentioncjd. 
Such are static, dynamic, and contact metamorphism, anamor- 
phism, and katamorphism. Regional metamorphism is a term 
often used in contrast with con- 
tact met^amorphism, because the 
latt^er is generally rather local; 
but this distinction is unfortu- 
nate for alterations caused by 
intrusion are sometimes very ex- 
tensive in their distribution. It 
would be less confusing further to 
qualify the word ^^regionaP' by 
‘^static,*’ ‘^dynamic,’’ or ‘V;on- 
tact,’* when the discrimination is 
necessary. 

Study of Rock Cleavage 



226 . ReutionsofFiowCleav- 
age and Fracture Cleavage. — * pregxwtinR flow cieavagi*. 

Fracture cleavage may originate in rocks which hace not been 
below their zone of fracture, or it may be developed in rocks 
which have already been folded and had a flow cleavage induced 
upon them in the zone' of flowage and which have later been 
subjected to further compression in the zone of fracture. In the 
latter case the fracture cleavage is nearly always preceded by 
minute folding (crenulation) of the older flow cleavage. These 
relations arc repi'cseuted in Fig. 235. In rocks which have had 
fracture ^cleavage induced upon them and then flow cleavagCi 
the earlier cleavage is destroyed. 
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226. Discrimination between Flow Cleavage and Fracture 
Cleavage. — Whc^n frac^turo ch^avage occurs in several sets, the 
planes of parting arc^ (^lually good in different directions, whereas 
if flow cleavages is found in intersec^ting planes, one set is usually 
much smoother and bottc^r developed than the other. ^ 

227. Discrimination between Bedding and Cleavage. — One of 
the mistakes whudi many of the old-time geologists made and 
which students are very apt to make at first, is to confuse clcav- 



Fia. 236. — Relatioiia of flow cleavaffo and comp eaHion jointa to deformation. The dia> 
ffrains are Buppoeed to be drawn on the edge of a bed, as seen in section. A, before folding; 
B, after folding. The square and circle of A bee le a rhoinbuH and an ellipBc in B. In its 
proper position in the fold, aa' in B should jal. The bedding and ihe line bb' would 

then be inclined toward the left. B has been placed in its present position to emphasiso 
ihe relations between it aiul A. The lii bb* in B indicate the positions of coinpres- 

aion joiiita and fracture cleavage which .lay be proiluced in the detormation. cc', the direc- 
tion of greatest elongation of the rock, is the position for flow cleavage. (Of. Fig. 2.37.) 


age with bedding. The error is most natural, for on weathered 
rock surfaces both structures may look much alike. But cleav- 
age, in its superficial expression, often appears as parallel frac- 
tures, whereas bedding consists of parallel layers of different 
textures and often of different colors. The parallel layers of 
foliation (flow clfmvagt', schistosity) are due to parallelism 
of constituents, especially mica, rather than to parallelism of 
adjacent layers of varying texture and composition. The strike 
and dip of cleavage may be recorded on a map, but on such a map 
there must be clear indication which symbols are for cleavage and 
which for stratification. 

^ For further diHtiucti(iii.s h(*tweeii the two varieties of cleavage the reader 
is Inferred to Bibliog., Lkith, C. K., 1905, p. 126. 
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228. Relations of Cleavage and 

been stated (167) that in parallel 
folding adjustment is accomplished 
by the shearing of contiguous strata 
on one another. Each bed on the 
limb of a fold slips on the next un- 
derlying bed toward the nearest 
anticlinal axis. This differential 
movement has a tendency to pro- 
duce cleavage planes or joints either 
parallel to the stratification or at an 
acute angle to it (Figs. 23G, 237). 
In the latter case the cleavage 
planes “lean toward the direction 
of motion.” They dip so as to 
^onverge upward in anticlines, like 
the axial planes of drag folds (169, 
166). When beds differ in their 
competency, cleavage may be de- 
veloped in this way in the weaker 
layers only (Fig. 237). It may 
change a little in direction where it 


Bedding in Folds. — It has 




t'lo. 237. — Section of altnrnatinK 
competent and incompetent atrata in 
the limb of a fold. The beds dip to 
the left. The weak layers have flow 
cleavafi^e, parallel to ec': the Htroiiit 
layers arc intersected by two sets of 
compression joints, parallel to aa' and 
66'. (Of. Figs. 224, 236.) 



Fig. 238.~^Rclations of flow 
cleavage to folds. 


b C 

Fig. 23U. — Section of vertical 
strata. 1 and 3 are competent 
beds; 2 is an incompetent bed with 
cleavage. 


approaches ibci contacts Ix^twecji ImkIs of different resistance (Fig. 
224), and its average attitude in one stratum may vary several 
degrees from its average attitude in an adjacent stratum. 
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In similar folds, with which flow cleavage is usually associated, 
since both arc produced in the zone of flowage, this cleavag(j 
may be extensively developed with a uniform dip regardless of 
its position in the foldft. It is approximately parallel to their 
axial planes (Fig. 238). Hence, while it is nearly or quite per- 
])endicular to the bedding in the axial parts of the folds, it may be 
essentially parallel to the bedding on the limbs. As a matter of 
fact these arc the relations which exist on a much smaller scale 
b(jtween minor drag folds and cleavage when both structures 
occur together (Cf. Figs. 140, 239). It would seem, then, that 
the major folding and its associated monoclinal cleavage might be 
concomitant effects of a powerful control, such as the overriding 
of a great rock mass in the process of overthrusting, just as the 
drag folds are a smaller product of differential shearing between 
separate beds. 

229. Uses of Cleavage in Geologic Interpretation.' — Tl^ 

relations between bedding and cleavage as described in the last 
section are useful as criteria in the interpretation of geologic 
structure. An outcrop in which cleavage is perpendicular to 
the bedding is probably near the axial region of a fold, and one 
where cleavage is inclined to the bedding at an acute angle 
is probably in the limb of a fold. Of great importance in this 
connection are the two rules which have been stated before 
with reference to parallel folding, namely: (1) the cleavage 
planes lean in the direction of differential movement between 
adjacent beds (Fig. 237); and (2) this differential motion is 
such that any bed slips over the next underlying bed upward 
toward anticlinal axes (169). By the application of these rules 
the geologist can tell on which limb of a fold an outcrop is situ- 
ated, and which are the upper and lower beds in cleaved vertical 
strata. Thus, in Fig. 239, at the contact a-b the cleavage cracks 
in bed 2 lean toward a and so indicate that 1 moved over 2 in 
this direction. Similarly, 3 slipped along 2 toward c. This 
section, then, nuist be a part of a limb between an anticline on 

^Sec Bibliog., Lkith, C. K., 1913, p. 129, the source for mapy of the 
followmg statements. 
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l.ho right and a syncline on the left. Successively younger IwhIs 
are crossed up to the axial region of the syneliru* in ])assing from 
right to left across the outcrops (Cf. 166). “CM(»avage in a slater 
area may strike east and west and dip south at an angle of 45®. 
The inference is that here are similar composite folds with east- 
west trend and axial planes dipping to south; further, that the 
structure was developed by the relatively northward movement 
of some overlying competent rocks which have been removed; 
finally this inferred major control suggests a major anticline to 
the north.**' 

230. Distortion of Original Structures, Fossils, Pebbles, Etc.- 

Of the two kinds of metamorphism, static and <lynamic, th:* 


Kia. 240. — Section of the trunk of an ancient tree (Sigillaria), flattf‘ne<l by aiint»I«* <*oiiij»r* 
Hion. (About natural sise.) 

former is least apt to blur and destroy original structures in a, 
rock. Pebbles, fossils, and such lithologic features as ripplc‘- 
mark and cross-bedding are little, if at all, altenul in shape, 
except in so far as th(;y are flattened by (‘compression of th(‘ ro(rk 
as a whole (Fig. 240). Indeed, the fithologic, structure's may b(‘ 
made more conspicuous by the growth of new mimnals in lay(‘rs 
or lines such as to emphasize contrasts. Dynamic m(4;amor- 
phLsm, and (^specially rock flowage, has a mark(‘d distorting (‘ffc‘ct. 
• In similar folding, beds are thiniMnl on the limbs and thi(‘k(‘ned 
in the axial regions (167). Sometimes strata are irregularly 
thinned and thickened so that they ''pinch an<J swell,** as setm 
in cross section. Pinching may go so far that a bod which was 
once continuous now consists of a series of dcjtac.hed lenses. 

Obviously distortion which can have these results must seri- 
ously modify the forms of original minor structures. The laminae 
in cross-bedding may be folded (Fig. 241) or their curvature 
may be flattened (Fig. 242).^ In proportion as they suffer 

^ Bibliog., Leith, C. K., 1913, p. 132. 

* Schisto sometimes have a wavy streaking of their constituents in thin 
lines that may be mistaken for cro^bedding. 
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(loformation, their UKofulness in determining stratigrapliie 
scjcpienef^ lewHcms (166); and the same is true of ripple-mark. 
Pebbles may be squeezed into spindle-shaped rods (linear schis- 
tosity) (Figs. 20, 21) or they may be flattened into thin sheets 



Fia. 241. — Section of deformed curved cross-bedding in vertical Mtrata. By the rule stated 
in Art. 166 | in which direction would one go to find younger strata? 


(plane schistosity), the deformation in both cases being accom- 
plished by rock flowage. Fossils also may be distorted (Figs. 
243, 244), and unfortunately only a little shearing is enough to 
deprive them of their value so far as this depends upon the 
recognition of species. 



Fin. 242. — Section of curved orosa-bedding which has been somewhat flattened by 

compression. 

In the deformation of any lithologic feature, all stages m&y 
exist between very slight change and very gn-at change (231), 
and in rocks that have been intensely metamorphosed such 
original features, may have been obliterated, ^i'hus, curious 
Idtough it may seem, the distinction between sheared quartz 
vtuns ai^ sheared quartzite pebbles may be almost impo^ible in 
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eases of extreme metamorphism. I^ithologic structures in 
igneous rocks may likewise be deformed, but here one must b(j 
careful not to confuse phenomena due to magmatic flow with 



24li. — J*art of a fos'iil frond defoiniod l».v aheariiiK. Tho inidrii>M of I, In* IcHflrta 
oiKT had ihe poNitioiia a and h. By iho Hhcoiitie the leafletn above have hern Mhortened and 
]'OtHt.e<l toward the left. a', and the leafleto below have hi*en leiiKihenr d and rotated tow'ard 
Ihe fight, b\ (About }i natural si*c.) 


those which an* of truly metamorphif, nature (233). If possible 
it is good policy for the beginner to postpone studying highly 



I'nj. 244. -Deformed iinpreflaioa of the aheU of a Spirifer. (About natural aiaft.) 

metamorphosed rocks in the field until he has first become 
familiar with the primary characters of sediments and igneous 
rocks. 
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Degrees of Metamorphibm and Origin op 
Metamorphic Rocks 

231. Degrees of Dynamic Metamorphism in Clastic Sedi- 
mentary Rocks. — Like contact metamorphism, dynamic meta- 
morphism exhibits various degrees of intensity (134). To be 
sure thc^re is great complexity in the latter type of alteration on 
a(^count of many factors, such as the composition and texture 
of the rock, yet certain stages can be recognized. (1) The first 
indications of metamorphism, as seen in hand specimens, are a 
poor secondary cleavage and a faint gloss on the cleavage surfaces, 
l)oth due to the presence of a little white mica (sericite or para- 
gonite) in fine laths that have roughly parallel orientation. (2) 
When shearing has been somewhat more intense, the white mica 
laths have more perfect paralhJism and there are more of them, 
so that the rock cleavage is better and the sheen on the frac- 
ture surfaces is more conspicuous. Sometimes other secondary 
minerals, like biotitc^ and ilmenite, are found, although these 
may have originated under static conditions after the cessation 
of rock flowage (page 269). Fossils are somewhat distorted. 
Pebbles are slightly, if at all, deformed, but they have thin coats 
of mica. (3) In what may he called the third stage, secondary 
cleavage is good and is oft^n consequent upon the parallelism, 
not only of the white mica, but also of ilmenite, biotite, etc.; 
that is, all these cleavage minerals grew during rock flowage. 
Fc^ssils are much distorted. Pebbles, too, are distorted and are 
thickly coated by white mica, (4) Maximum metamorphism is 
represented in the fourth stage. Original structures and fos- 
sils are largely obliterated and pebbles have been very much 
deformed. All the minerals in the rock are secondary. 

These stages are not sharply defined, nor do they hold for all 
classes of rock. As they have been described above, they are 
applicable to many metamorphosed clastic sediments. Other 
things being equal, flowage is easier in mudstone than in sand- 
stone and in sandstone it is easier than in conglomerate; that is to 
stff, under similar conditions of pressure, etc., mudstdhes may 
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acquire a higher degree of metamorphism than sand.stone8, and 
sandstones reach a higher stage than conglomerates. 

In this connection should be mentioncMl the alterations of 
carbonaceous materials, such as coal and petroleum, which may 
be associated with sediments. These substances react under 
compression much moi*e readily than do shales, and th(\y may 
react under both static and dynamic forceps. Peaty or coaly 
materials consist essentially of fixed carbon, volatile hydro- 
carbons, other volatile substances, such as water, sulphur, etc., 
and nonvolatile impurities classed as ^^ash.” With increasing 
compression, probably assisted by moderate heat, the volatile 
components gradually pass off, thus resulting in an increasing 
proportion of fixed carbon to remaining volatile hydrocarbons. 
In any coal, the ratio of the fixed carbon to the fixed carbon plus 
the volatile hydrocarbons, express(^d in percentage, is known as 
the fixed carbon ratio of that coal. The proportions of these 
ingredients are determined in the laboratory by proximate 
analyses. 

This process of metamorphism is undoubtedly in part depend- 
ent upon the abundance and openness of avenues by which the 
volatile constituents can escape. 

In general, within a given coal-bearing formation, the fixed 
carbon ratio is found to increase downward from the earth's 
surface, to be somewhat greater on anticlines than on adjacent 
synclines, and to be relatively high near faults.^ In two uncon- 
formable coal-bearing formations, the fixed carbon ratio is higher 
in the older formation. 

Apparently there is a more or less definite relation between 
the characters of petroleum in its native state and the degree 
of metamorphism to which its containing rock formation has been 
subjected.* The greater the metamorphism, and, therefore, the 
higher the fixed carbon ratio of any coal which may be present in 
the formation, the lighter is the associated petroleum, t.s., the 

* See Bibliog., FtTLLSR, M. L., 1920. 

’This relation was first described by David White. See Bibliog., 
White, Da^, 
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greater is its gravity (^xpi*(*HS<Hl in dogrors Baum('. This ruU', 
how('vrr, may have* many oxcu^ptions, for tho reason that pc'.tro- 
hnim compounds arc usually fluid and arc (capable of (extensive 
underground migration. The conscMpicnco is that heavy residual 
p(^troleum substan(?(\s may occur in a rathcT highly metamor- 
phosed formation, and vice versa, an abnormally light migi-atory 
petroleum compound may be found in a series of beds containing 
coal having a low fixed carbon ratio. 

We wish to point out again that these changes in coal and 
petroleum, if recognizable, an». commonly found as indices of 
metamorphism in sedimentary ro<iks which have not suffered 
enough alteration to exhibit evc^n the lowest degree of meta- 
morpliism in the associated shal<\s. Sericite <loc's not appear 
in the latter until the fixed carbon ratio of the coals is very high. 

232. Discrimination between Metamorphosed Sedimentary 
Rocks and Metamorphosed Igneous Rocks. — The facility with 
which the original classification of a metamorphic rock can b(^ 
ascertained depends largely on how much the rock has been 
modified. Seldom is this problem insoluble. Even in cases of 
extreme inctamorphism th(*re are geuK^rally some characters, 
physical or chennical, local or regional, which give intimation of 
the primary nature of th<^ rock. Some of the more useful points 
of distinction are notcnl below. 

(1) An important field evidence is an observed gradation in the 
exposures of a rock fn)m its highly metamorphosed condition 
to less altered phases where its source is recognizable. In 
deformed sediments the least altered portions are likely t»o be 
found in the axial regions of the folds. (2) Look for original 
structures that are sun^ly identifiable, such as contacts in the 
case of igneous rocks, and pebbles, fossils, cross-bedding, etc., in 
sedimentary rocks. Faults and unconformities must not be 
mistaken for igneous contacts (312). (3) Original textures, 

such as porphyritic texture, may be preserved. (4) Igneous 
i^cks may be uniform over large areas; sedimentary ix>cks often 
have a. regular and continuous banding. (5) Intercalation of 
bods of limestone or quartzite is good evidence for scdiidents, but 
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sometimes calcite and (luartz veins may be misiiit(»rpr(^ted for 
beds, (6) Graphite may be sparsely distributed through an 
igneous rock or it may occur in veins. Howevcu*, if it is uni- 
formly disseminated in distinctly argillacc^ous or (juartzose layiMs, 
or if it forms beds intercalated between such laviTs, it and its 
associated rocks arc probabl 3 '^ of sedimentary origin. (7) Gn^at 
preponderance of quartz is characteristic, of some sediiruMits. 
Confusion may arise in the case of sh(*ared quartz veins and 
highly quartzose pegmatite dikes. For otluM* criUiria, which 
are mostly microscopical and chemical, the reader is n^ftirred to 
Trueman and to Leith.’ 

233. Discrimination between Primary and Secondary Gneiss- 
es. — Primary gneisses ant igneous ro('ks which possess a folia- 
tion produced before crystallization was comph^ie. Secondary 
gneisses are those which accpiired their strintture through true rock 
flowage and not through the viscous flow of a stiff magma. Cer- 
tain characters of primary gneisses, useful as (criteria for distin- 
guishing between the two classes of rock, are noted in the following 
quotation from Trueman ‘^Field evidence : Banding in apophyses 
from the gneiss parallel to the walls and at an angle to the schis- 
tosity of the inclosing rock; dikes of i)egmatite belonging to the 
same magmatic seri(?s as the gmnss and either parallel to the 
gneissic structure and foliated with it or cut ting the giieissic struc- 
ture and undisturbed; lack of sharp contact between the acidic and 
more basic portions of the gneiss, indicating high temperature 
during the solidifications of the different bands; presence of inclu- 
sions of foreign rocks, which are but slightly deformed, in a 
matrix of well-banded gneiss; presence of distinct bands of widely 
different composition, none of which ma,y show evidence of shear- 
ing; flow-like curves of the banding, some of which may close in 
a circle. 

^‘Mineralogical evidence: Presence of minerals formed charac- 
teristically only from igneous melts and arranged in a manner 
impossible of formation from solid rocks by metamorphism, e,g., 

1 Bihliog*, Trceman, J. D.; Leith, C. K., 1913. 

* Bibliog., Tbubman, J. D., p. 231. 



282 


VIKLh GEOUXIY 


ncphelirio and olivines; tc^xtures due to crystallization from an 
igneous melt/' 

234. Relative and Geologic Age.^ — Sin(‘(‘ incitamorphosed rocks 
wor<^ onc<i tyi)ical sediments or typical igneous rocks, tlu^ir age 
relations are in g(^neral similar to thos(‘ of the rocks from whicli 
they w(T(^ deprived. That these relations are more difficult to 
re(‘ogniz<^ in their case, however, is suggested in the preceding 
paragraphs. 

''FIk^ geologic age of rnetamcnphic rocks can seldom be deter- 
mined directly by fossil contents. Ordinai ily it must l)e obtained 
by correlation with other rocks whose age is known. 

236. Original Depth of Metamorphic Rocks. — A rock which 
has characteristics due to rock flowagc must have once been 
within its zone of flowage. A comparatively weak rock, like 
shale, may have undergone anamorphic changes at a moderate 
depth; but if all the rocks in a formation, even the more resistant 
types, have flow cleavage or other features unquestionably of 
anamorphic origin (not contact metamorphism), probably these 
rocks were altered in the zone of flowage, that is, below the region 
where both fracture and flowage are possible. On the assump- 
tion that the uppej* part of the zone of flowage is several miles 
below the earth's surface (164), this would mean that these 
rocks have been exposed through the erosion of a cover of that 
thickness. 
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MINERAL DEPOSITS 

Mineral Deposits in General 

236. Terminology and Classification. — A mineral deposit is 
a natural concentration of one or more mineral species. The 
concentration may be brought about by sedimentary, igneous, 
or metamorphic processes. Such deposits are primary if they 
still preserve their original characters and relations to adjoining 
rocks, and they are secondary if they have suffered partial or 
complete chemical or mechanical alteration since their origin. 
In the formation of a secondary deposit the materials often change 
their position. With reference to the time of their origin as 
compared with that of the inclosing rock (country rock), primary 
bodies are either contemporaneous {syngenetic) or subsequent (epi- 
genetic). The contemporaneous varieties are further divided 
into those which are igneous and those which are sedimentary. 
Subsequent mineral deposits include open space deposits and 
replacement deposits. Secondary deposits, produced by various 
processes of erosion, may be concentrated by chemical or mechan- 
ical means. 

It is not the author^s purpose to enter into detail concerning 
inineral deposits. All classes are abundantly represented by 
ores, i.e.y by deposits which are of economic importance, and 
therefore, if the student wishes full information on the subject 
he should consult books devoted to economic geology.* We anj 
here interested particularly in structural and field relations. 
With respect to the different types noted above, all discussion 
of contemporaneous primary mineral deposits and of secondary 
mineral deposits will be omitted from this chapter. Igneous 
primary deposits, resulting from processes of magmatic differen- 

'See Spubb, J. E., “Geology Applied to Mining/’ McGraw-Hill Book 
Company, Inc., 1626; also Gunthea, C. G,, and R. C. Fleiong, “The 
Examination of Prospects,” McGraw-Hill Book Company, Inc., 1932. 
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iiation and sogn^^^ation, answer to statements made in Chapter 
VI; sedimentary primary deposits are merely beds which, in 
general, have structural and field relations like those described 
for stratified rocks in Chapter V; and many of the facts outlined 
in (Chapters V and IX are applicable to secondary mineral 
d(^poRits. The only types left for description here are open space 
and replacement deposits. 


Study op Subsequknt Minkhal Deposits 

237. Origin of Subsequent Deposits. — Underground waters 
whether they have descended into the lithosphere from the 

earth's surface or have been 
given off by intruded 
magmas^contain a variable 
proportion of mineral sub- 
stances in solution. In 
their circulation these 
waters may come under 
certain influences which in- 
duce the deposition of some 
of the solutes. Precipita- 
tion may be caused by cool- 
ing, by the mingling of 
different solutions, by 
chemical reactions between 
a solution and the rock 
through which it is passing, 
and in other ways. The 
same is true of gaseous solutions which probably emanate from 
magmas in considerable quantities ( 134 ). In the zone of fracture 
the precipitated minerals may incrust the walls of open spaces and 
line them with layer upon layer until the openings are partly or 
wholly filled. Thus originate open space deposits (Fig. 246). 
Under certain cinjumstances mineral-bearing solutions may attack 
a jock, removing its constituents in solution and precipitating new 
o^s b|^ a process of substitution or replacement This is also 



Pig. 246. — Section of an open space vein. The 
mineral numbered 1 was deposited before that 
numbered 2. The black represents spaces still 
unfilled, ah is the hanging wall and cd is the foot 
wiUl. The stippled part of the country rock 
adjacent to the vein has been metasomatised. 
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known as metasovialism. Such replacement depimts may be 
formed either in the zone of fracture or in the zone of flowage. 
Metasomatism is often associated with intrusion as one of the 
important phases of contact metarnorphism (Fig. 246). 

Although any rock may be altered by replacement if the con- 
ditions are favorable, some kinds are much more susceptible than 
others. Limestone is one of the types tlmt are metasomatized 
with comparative readiness (Fig. 246). Fossils are often pre- 
served because their constituents have been replaced by more 



Fio. 246. — Vertical section of a contact mctamorphic deposit. Ore, black; altered cinui- 
try rock beyond ore, stippled. The alteration was induced by the intrusion of the quarts 
monconitc. The ore is almost entirely limited to the limestone. (After W'. Lindgren.) 


stable compounds. Not uncommonly the wall rocks of open 
space fillings are more or less metasomatized in the vicinity of 
these deposits (Fig. 245). 

238. Forms of Subsequent Mineral Deposits. — Subsefjjuent. 
mineral bodies with tabular or sheetlike form and genetically 
associated with fractures are called veins (Fig. 245). They may 
originate by the filling of a fissure (joint, fault, cleavage plane, 
etc.) or by more or less replacement of its wall rocks, or by a 
combination of both processes. Simple open space fillings of 
any variety naturally have the shape; of their inclosing chamber 
or fissures. Examples are amygdales (page 118)j geodes, which 
are incruslations in cavities a few inches in diameter; and gash 
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veins, occupying gash joints (Fig. 224) and some other kinds of 
tension fractures. Stalactites and stalagmites aie peculiar 
types belonging to the group of open space deposits. Replace- 
ment bodies are usually very irregular in shape. This is true 
even of replacement veins, although in the main they are tabular. 
Veins of any kind may widen or pinch; they may turn in their 
course, branch, and sometimes form networks; indeed, as a class 
they display every conceivable irregularity. In schistose rocks 
they are frequently lenticular. 

239. Distribution of Subsequent Deposits. — The fillings of 
primary open spaces are limited in their distribution to the 
rocks in which the chambers were present; e.g,y amygdales in 
certain lavas. Deposits in secondary opt)nings, especially fissure 
fillings, are found in nearly all rocks. They are exceedingly 
common. Such deposits bear the same relations to geologic 
structures (folds, contacts, strata, etc.) as do the joints or faults 
in which they were formed. Sometimes they may be localized 
in particular rocks. Thus, in a folded stratified scries, fissure 
veins may be found only in the harder, more brittle members 
which suffered prominent fracturing (169), whereas the less 
competent beds, which were deformed by flowage, are barren 
or have only thin, poorly defined veinlets. 

Replacement deposits are apt to be associated with igneous 
contacts or with fractures, shear zones, or other structures which 
functioned as channels for the mineralizing solutions. Like 
open space deposits, they too may have a distribution restricted 
in certain regions to special kinds of rock. Their localization 
may be caused by some definite control over the migration of 
the solutions, or to the fact that the altered rocks were relatively 
very susceptible to metasomatism under the influence of the par- 
ticular solutions in circulation at the time; e.p., some limestones. 

240. Composition of Subsequent Deposits. — The composition 
of veins and other subsequent deposits is exceedingly varied. 
Among the commonest constituents are quartz, calcite, epidote, 
{^te, chalcopyrite, hematite, barite, prehnite and, the like, 
^re^'bearing veins generally consist of one or more mini^rals which 
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bavc a commercial value associated with other substances, known 
as gangw mineralSf which have no value. Within the gangue 
the ore minerals may be disseminated as fine particles, or dis- 
tributed in threads, or segregated in masses, or otherwise 
arranged. Although ore minerals are sometimes native, as gold, 
copper, platinum, and mercury, they are usually sulphides,' 
oxides, carbonates, sulphates, chlorides, or other compounds. 

241. Size of Vein Deposits. — In thickness veins may range 
from a fraction of an inch to many yards, and in length they 
may range from a fraction of an inch to several miles. Many 
have been followed downward to depths of 3,000 or 4,000 ft. 

242. General Field Relations of Veins. — The attitude of 
a vein is referred to in the same terms as that of a fault, a dike, 
or a bed. Strike, dip, and hade are used with the same sig- 
nificance as defined in Art. 180. A majority of veins have dips 
steeper than 50°. When a vein is inclined the wall above it 
is the hangitig wall and that below is the foot wall (Fig. 245). 

The geologic age of a mineral deposit is determined by cor- 
relation with fossiliferous strata or with other rocks whose age 
has been established. 

With reference to their relations to the land surface, veins 
may be more resistant or less resistant to the influences of 
weathering than their wall rocks. If stronger, they project as 
ridges. When small and numerous, they give to an outcrop a 
ribbed surface or a honeycombed appearance according as they 
are in parallel or intersecting sets. If they are less resistant 
than their country rock, they weather down below the general 
level and become covered with their own residual debris (gossan, 
etc.). 

The trends of outcropping veins conform to the rules which 
have been set forth in Art. 174 for strata. 

243. Discriminatioa between Open Space Deposits and 
Replacement Deposits. — ^No. infallible rule can be laid down 
for ready discrimination between open space and replacement 
deposits. There is generally some alteration in the walls 
of open space deposits and, on the other hand, replacement 
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bodies may be situated along fissures which conducted the 
mineralizing solutions. Mvery gradation exists between the 
two classes. Nevertheless there are certain features which 
are especially characteristic of one group or the other, and 
these, when properly interpreted, may be of considerable assist- 
ance as distinguishing marks. (1) Usually, not always, replace- 
ment deposits have rather indistinct or blended contacts 
and open space deposits have sharply defined boundaries. (2) 
Open space bodies ordinarily have a banded or crustiform 
structure parallel to the walls of the original chamber, this being 
due to the deposition, one upon another, of successive layers of 



Fio. 547. — Sootion of a replacrnieiit miotreJ deposit (vhit-i*) noTitaiiiinu isolated blocks of 
the country reck in their uriKinal position. 

varying mineral composition. Banding, if present in replace- 
ment deposits, is rarely symmetrical. (3) Replacement veins 
are apt to be less regular in shape than fissure veins. The 
latter often exhibit matched walls. (4) Blocks, or “horses,” 
of the wall rock, completely detached and with their original 
structures unchanged in position, have been isolated by replace- 
ment of the intervening rock (Fig. >247). If detached fragments 
of the wall rock are found in an open space deposit, they usually 
touch one another and they have altered their position as shown 
by the various orientations of their structures. 

814. Discrimination between Veins and Dikes. — In their 
field occurrence dikes and veins are very much alike. Typically 
^y are sheetlike and their irregularities of shape are of similar 
igtsthr^, so that they CfUinot be distinguished by their form and 
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structural relations. As for their manner of origin, there is 
a complete gradation between them. Vein materials are depos- 
ited from solutions. Dikes are formed by the consolida- 
tion, usually the crystallization, of magma in which is present a 
variable quantity of gases and vapors. The greater the pro- 
portion of these mineralizers, the more mobile is the magma 
and the more nearly does it resemble a hot solution from which 
certain types of vein are precipitated. Pegmatite dikes (or 
veins) are on the border line in the classification. Pegmatite 
apophyses from granitoid bodies often verge into true quartz 
veins at their outer extremities. 

From these facts it is evident that a satisfactory code of 
rules for the discrimination of dikes and veins cannot be made. 
There are too many exceptions. However, texture, lithologic 
structure, and mineral composition are often helpful guides. 
Dikes are usually compact without visible open spaces, and 
not uncommonly they have porphyritic texture. Chilled 
margins are typical of many. On the contrary, veins are apt 
to have open spaces into which numerous crystal ends project 
(drusy cavities), and they may have a banded distribution of 
their mineral constituents parallel to the walls. Perhaps the 
most important criteria are mineral composition and especially 
the relative proportions of the different sp>ecies. There are 
certain minerals which, while sometimes found in dikes, are of 
much more frequent occurrence in veins; and vice versa. For 
example, characteristic of veins are calcite, epidote, and the 
other minerals cited in Art. 240, and species more typical of dike 
rocks are feldspar, hornblende, augite, biotite, and muscovite. 
Yet, even in this case, great care must be exercised not to confuse 
calcite, epidote, and the like, in veins with the same minerals 
occurring as secondary constituents of dike rocks. 
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Land Forms in General. 

246. Land Forms and Their Recognition. — Hills, valleys, 
plains, l)oarheH, cliffs, and the like, are classed as topographic 
for ms or land forms. Although most of them are products of the 
(Tosional and deposilional agents which are working at the earth's 
surface, some have been made through the operation of subter- 
ranean forces. To the latter category belong volcanoes, lava 
flows, fault scarps, etc. 

Of the topographic forms resulting from erosion, those which 
project upward (hills, etc.) are posztirc^ and thos(» which have 
the nature of depressions are negative. Those which are direct 
effects of wearing down are desiruciionaly and those which have 
been built by processes of accumulation aie construciionaL 
Destructioiial land forms are immediately dependent upon the 
relative resistance of the materials eroded. Underlying structure 
is of secondary account, although it naturally governs the shape 
and distribution of the topographic elements. Constructional 
forms arc nearly always situated in regions lower than the sources 
of the materials. This, of course, is because the products of ero- 
sion are generally carried downward. 

The ability to recognize land forms is not only indispensable 
for the geologist, but it is also a valuable acquisition for persons 
engaged in many other pursuits. One should be able to tell the 
difference between valleys made by ice and those made by rivers; 
l)etwccn hills of eolian, glacial, or volcanic origin; between plains 
built by rivers and plains due to the work of waves; and so on. 
'yhe criteria are included for the most part among thp following 
characters of topographic forms: (1) surface features; (2) general 
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shape, including ground plan and profiles in significant directions; 
(3) position with reference to typographic surroundings; (4) 
internal structure; and (5), for constructional deposits, the 
characters of constituent grains or fragments. 

Slopes 

246. Significance of the Inclination of Land Surfaces. — Topog- 
raphy may he said to consist of sloping surfaces. Even plains 
have some undulations, and those which are essentially flat often 


Scale in Miles 

Fio. 248. — Pjofile uectiou of Mauiia Loa, a lava cone. (After C. E. Dutton.) 


have an inclination one way or another. The slope of any such 
surface is a feature which deserves an explanation, for it is related 
to the mode of development of the topographic form with which 
it is associated. 

Land surfaces may be on consoli- 
dated or on unconsolidated rocks. 

The average inclination of the surface 
of a lava sheet, or a lava cone, is in- 
dicative of the original viscosity of th(‘ 
liquid rock. Very mobile lavas spread 
far and have a slope which maj'^ be as 
low as 3° (Fig. 248). Surfaces eroded 
on bedrock often owe their inclination 
to a balance between the rates of pas- 
sive weathering and of active corrasion. Their case will be taken 
up in more detail below. Any destructional surface which 
approximately coincides with the stratification of dipping beds is 
called a dip slope. It is due to natural stripping of an overlying 
weak stratum from an underlying resistant layer (278| C). 

Surfaces on unconsolidated sediments may be either destruc- 
tional or constructional. In the case of stratified deposits, a 


Fio. 249. — Profih; HPCtion of a 
(tlope on loose Rravel. abc, angle 
of repoee. The larger bowlders 
may accumulate at the foot of the 
slope, although the reverse may 
be true where these large frag- 
ments disintegrate on the upper 
part of the slope instead of rolling 
to the base.^ 


* Bbbrb, C'HAaLBB H., *'Taliia Behavior above Timber on the Kocky 
Mountains,” Jour, Qeol,^ Vol. XLI, p. 624. 
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surface coincident with the bedding is probably constructional, 
and one inteisecling the bedding is probably deslruetional. The 
most important angle of slope in unconsolidated deposits is that 
known as the angle of repose or arigle of rest If sand or gravel has 
been held up by a supjiort, and this support be removed, the 



l«iu 2')0, J‘iohl» of u volcatiK cindor cone The hieadth at the base ib a few huiidicd 
b'ct (After J S Dillei ) 

sediments will slump down of their own weight and will continue 
to slide until friction bc'tween the particles prevents further slip- 
ping. The vertical angle between a horizontal plane and the 

, surfa(‘e in which sliding ceased 
is the angle of repose for these 
materials (Fig. 249). The maxi- 
mum angle of repose for coarse 
gravels consisting of angular 
fragments is about 35°. Even 
42° has been recorded. Volcanic 
lapilli and ash may stand with 
slopes of 35° to 40° (Fig. 250). 
The angle of repose for rounded 
gravels is lower. For mixed 
sand and gravel and for sand 
alone, 28° to 30° is common. 
Damp sand can stand more 
steeply than dry, and angular 
sand more steeply than well-rounded sand. The angle of repose 
for sand is somewhat higher under water, provided there is no 
current, for a current can easily reduce Tlie slope to a much lower 
inclinat ion. Clay, loess, and similar materials, which are capable 
a sort of seiniconsolidation, may stand in vortical* cliffs (Pig. 





Fiu 251 - A, prohlp of a bluff lii Io<*sh; 
Ib pTofilp of a bluff in till. The uppei 
Meep slope in B la due to ram eroaion; the 
lowor more Rontlo slope is due to a balance 
between deposition by ram wash and land> 
shiu), on the one hand, and erosion by ram. 
on the other hand 



TOPOGRAPHIC FORMS 


293 


251), but, when well soaked with water, mud and clay may slide 
on slopes of only 2® or 3°. In fact, the relative quantity of wat^r 
between the particles of any kind of mantle rock has a very 
significant bearing on the angle above which the material will 
begin to slide. This is important in considering mass movement 
(3). On many hill slopes, often of modc^rate inclination, there is 
a constant tendency for downhill creep, a piocess that is usually 
intermittent, being facilitated by moisture and frost. Figure 252 
illustrates several ev idences for creep. 



Fia. 262. — Common evidences of oreep. A, moved joint blocks; B, trees with curved 
trunks concave upslope; downslope bending and dran of bedded rocjk, weathered veins, 
etc., also present beneath soil elsewhere on the slope; D, displaced post#, poles, and monu« 
ments; broken or displaced retaining walls and foundations; P, roads and railroads 
moved out of alignment; G, turf rolls downslope from creeping bowlders; H, stone line at 
approximate base of. creeping soil. A and C represent rock creep; all other features shown 
are due to aoit creep. Rather similar effects may be produced by some types of landslides. 
(Reproduced from Sharpe’s ” Landslides and Related Phenomena” by permission of Colum- 
bia University Press. See Bibiiog., Sharpe, C. F. Stewart, 1938, p. 23.) 

Cliffs 

247. Cliffs in General. — ^To vertical or very steep faces of 
rock and partially consolidated sediments are pven such names 
as cliffs, scarps, escarpments, precipices, bluffs, etc. The word 
cliff will be used here in a general sense. The more common 
varieties ^lay be classified as follows:^ 

' Fnceted spurn (tSl) are not inn)ade<l. 
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Key for the Tdkntikication op Cliffs 

If a cliff 

A. Iktarn sc^ratclioH and KrogvnH whicdi 

1. Trend principally along the cliff, either horizontal or with a low 
inclination, the cliff was probably made by glacial abrasion (250, D). 

2. Trend up and down the slope, being vertical or st<ieply inclincul, the 
cliff may be a fault scarp (248) or a landslide scar (260, G). 

H. Bears no scratf5hes or grooves, but is rough on ac.count of the separation 
of grains or joint blocks (34), and 

1. Evidence is found of dislocation (faulting) of bedrock structures, 

а. And of topographic forms, along the cliff, thcj latter is probably a 
fault scarp, somewhat weathered (248). 

б. But not of topographi(i forms, along th(*, cliff, the latter is probably 
a fault-line cliff (260, F). 

2. No evidence of disloc^ation is found along the cliff, the latter 

а. being situated along an existing shore line or, if not so situated, 
being associated with a wave-cut bench al its base (266), this 
cliff is a wave-cut cliff (260, A). 

б. Not being associated with a shore line or with a wave-cut bench, 
and if 

(1) The cliff truncates a particular stratum or layer in a series of 
eroded horizontal or inclined layers, this cliff is an erosion 
scarp produced largely by weathering (34). 

(2) The cliff is the front edge of a recent lava flow, this cliff may bo 
original (249). 

(3) The cliff is the inclosing rim of a crater or of a caldera, and 
intersects rocks of volcanic origin, this cliff may be a conse- 
quence of volcanic explosion, or of the infall of blocks from the 
sides, accompanied or not accompanied by fusion at the base, 
of by these processes in cooperation (266). 

(4) The cliff is not related to any particular kind of rock, but 

(a) Forms the wall of a river valley (or channel), this cliff is 
probably due to weathering assisted by basal undermining 
accomplished by the river (260, B). 

(b) Forms the wall of a glacial valley or of a cirque, the cliff 
may be the result of glacial scour, somewhat weathered, or 
of glacial sapping (260, D and B). 

(c) Forms the lee side of a roche moutonnde, the cliff is pitd)- 
ably a result of glacial plucking (260, B). 

94S. Fault cuffs. — Fault scarps are cliffs (rf varying height and 
length, formed by faulting. The acarp always fronts upon the 
towor.'laiid of the downthrown blpok. Most fault scarps, espiv 
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cially the high ones, are the result of recurrent dislocation along 
(he same surface of fracture or along close, parallel fractums. 
'Fhe shape of the original scarp depends upon the topography 
of the land mass that was broken. If the ground was level, 
tlie cliff is pretty regular in height (Fig. 25.‘1), but if a rugged 
surface was intersected by a fault transvc'rse (o the trend of llu‘ 
ridges and valleys, the scarp crest zigzags up and down (Fig. 
254). In some cases the scarp may be th(‘ actual fault surface', 
but generally all marks of slipping are destroy(Ml by weathering 
soon after their exposure. Fault scarps in sands, gravels, and 



Kid. — Fault hcarp intcrtuptiiiR a level laiiil Hurfare. A. In |>oth.‘tiral roiuliliou 
Iw’fore eroRinii; B, aspect after moderate erosion. Talus cones have aceuiiiulated at the 
base of the fault cliff. 

the like, are seldom steeper than the angle of repose, becaus<! 
such materials arc prone to slump (Fig. 256). 

When on alluvial cones and other deposits with definite con- 
structional slopes, fault scarps may be distinguished from aban- 
doned shore-line cliffs ( 286 ) by their lack of n4ation to the 
contours. Shore-line features follow the contours (Fig. 256). 

249 . Volcaxiic Cliffs. — Th<' front (»dges of lava flows are often 
abrupt and may be fairly straight for many hundnjd f«*t, so that 
they resemble fault scarps. Indeed, it is sometimes a difficult 
matter to determine whether or not such a steep face in lava is 
a product of faulting. Evidence for the continuation of a line 
of displacement must be sought beyond the edge of the lava 
flow. The inner rims of explosion craters might also be men- 
tioned her5. They are stec‘p slopes oii which are usually exi>OHed 


21 
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Fto 240.— -Ccfniour map of an alluvial cone at the bate of a mountain range The daahed 
Met tndlpate the n latiuna between the contours and the hypothetical poaitichs of an aban- 
llJited alnire line, ao, a tilM, abandon<Hl short line, h6, and an interrupted fault scarp, cr 
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the truncated ends of the outward dipping ash deposits and inter- 
l)edded flows which constitute the volcanic cone. They an? 
distinguished with some difliculty from the bounding walls of 
volcanic sinks (264). 

260. Destructional Cliffs. — Erosion cliffs include sea cliffs, 
river cliffs and bluffs, cuesta scarps, i(?e-scoured rock waifs, 
ice-quarried cliffs, fault-lino cliffs, and landslide scjars. Some 
are made by weathering, some by abrasion, and some by both. 
Ordinarily one may assume that a cliff exists either because it 
is still in process of formation or because it was made so recently 
that the forces of erosion have not yet had time to erase it. 

c 


d 

Fio. 257. — Profile section of a sea cliff. a6, overhang; be, undercut, or notch; ed, wave-cut 

bench. 

A. Sea cliffs arc maintained by cutting at the base. In 

hard rock the locus of attack, or place where the waves do their 
principal work, is seen in an undercut, or notch, at about high tide 
level (Fig. 257). From time to time joint blocks are dislodged 
from the overhanging rock by frost or by other agents of disin- 
tegration. Where weak dikes or strata offer less resistance to the 
onslaught of the waves than do the adjacent rocks, fissures 
and cliffs may be cut landward. This is a case of differential 
erosion. In materials like till, which are apt to slip if under- 
mined, the cliff may be steep, but rarely has the compound nature 
of undercut and overhang (Fig. 261 , B). Gravels and sand slump 
to their angle of repose just as fast as they arc attacked below. 

B. River cliffs are cut by the lateral swinging of the 

stream. In respect to basal undercutting, dislodgment of blocks 
from the cliff face, and relation of materials to slope and form, 
they coi^pond to sea cliffs. Wherever streams are rapidly 
incising their channels in horisontal strata of varying resistance 
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to proHion, tlip valley walls usually consist of alternating vertical 
cliffs on the more n»sistant rocks, and talus slopes with the angle 
of reiKMC on the weaker strata (Fig. 268). This type of valley 
wall may be seen in the Colorado Canyon. 



Fia. 2/i8. — Profile eeoiioii of a valley in alternating Htrong and weak horizontal strata; 
a and 6 weather back equally fast; d weatheri more slowly than h and, therefore, a lock bench 
is developed at /; e is so thin that the talus (black) overlaps the base of h. (Cf. e.) 


C. Cliffs liko those just mentioiicHl may form tho sides of 

mesas and buttes (Fig. 259). Kaeh hard layer serves as a pro- 
tective cover for the underlying softer rock. To some extent 
erosion may undermine the weak stratum beyond the edge of 
the strong, but if undermining goes too far, masses of the over- 
lying rock fall off. Thus, while the cliff or escarpment is gradu- 



Fio. 250. —Piofile section of a mesa, a, remains of a weak stratum, nearly worn away 
b, alternating strong and thin weak beds; e, weak stratum with its edges covered by talus 
(black). 

ally worn back, its steepness is maintained as long as the hard 
stratum, or cliff-maker, stands well above the level attained by 
the streams of the region when they reach grade ( 281 ). If 
the layers have a low inclination (say up to 20® or 25®), the 
escarpment is called a ewsta face or a cueata aixirp, and the cliff- 
making rock is spoken of as a eueata-maker. 

^D. The ioe of mountain glaciers scours deep the valleys 

through wluGh it moves and, in so doing, greatly steepens the 
valley walls. This is called werateepening (Fig. 2^). Such 
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oversteepened, ice-scoured rock walls are polished and striated 
unless postglacial weathering has effaced the marks of glaciation. 
In the latter event the origin by ice abrasion may be demon- 



2G0. — TraiiBverRo profile Hoeiion of a glaciated valley (aea). nba, valley before glacis 
lion; ada, original Hurfare of ice. Note the HhouldcrH at a. 



261 .— Profile section of the iee-sapped cliff, oc. and the, ice^oured floor, cd, at the 
head of a glacial cirque, t, talus (of postglacial origin). 

strated by other signs of glacial erosion in the vicinity, or by 
associated glacial deposits. 

Ice-quarried cliffa (Fig. 261) are quite differaat from 

the preceding type. At the head of a mountain where 
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abranion ih little or nil, alternate thawing and freezing ojx'rate 
(‘xaetly an doeH the frost action of disintegration, but on a larger 
scale, and blocks an* riv(»n off along the joints. Th(*s(* blocks of 
rock settle into the ice (Fig. 262) and are slowly carried away by 
the glacier. If long continiuHl, this process of sapping or quarry- 



1*^0 262 — 8nme u Fir 261 with the ice restored to its original position, ar, rook wall 
fiom winch alternate thawing and fieesing water loosen blockn that settle into the loe 
At 6 IS n deep crevice known as the bergsrArund, which is commonly observed at the head of a 
glacier and which may facilitate the eii trance of water ed n the scoured rock Ooor evei 
i^hich thi' ice movoe. 

ing may develop cliffs up to many hundreds of feet in height, but 
they are not exposed, except to a certain extent within the 
l)ergsehrund, until after the glacier has dwindled away and 
disappeared. They form the walls of cirques ^270, H). 

Smaller cliffa of somewhat similar origin may be seen on 
Toehes moutonn^s, and on hills of like nature, where moving 
ioo detached or plucked joint blocks from the Ice slices of the 
j^k nduses over which it rode (278). Sapping or quarrying is 
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fircomplishod entii'cly hy tho passive process of vvedpnj;, whcrens 
})lu(*kiiig, although more or loss assistcnl by wcMlging, is largely 
dependent upon the overriding of a moving body. 

F. Fault-line scarp.s are erosion scarps developed along 

lines of faulting. They are not direct effects of disphurernent. 




— ^®^®*oproent of fault-line scarps, as seen in cross section. A, fault scarp. 
(Cf. FL*. 253, B.) If the Land were eroded to the level ao and were then uplifted, tho weak 
rock, m, would be removed more rapidly than the resistant rock, o. Hence a fault-line 
scarp would be produced in o, facing m, as shown in B. In the same way, following erosion 
to the level M (see A), uplift would result in the formation of a fault-line scarp in the resistant 
rock, n, facing the weak rock, p, as depicted in C. The black is talus. 

They are phenomena belonging to a second cycle of erosion 
(285). The original fault scarp was eroded to low relief, the land 
was then uplifted and a second cycle was inaugurated, in which 
weaker rocks on one side of the fault were worn away more rapidly 
than moi;p resistant rocks on the other side. Thus, a scarp was 
devdoped along the line (rf faulting. Two oondltiinis are pos* 
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sible: the lower land toward which the* fault-line scarp faces may 
be (1) on th(* Idock whicdi was the downthrown side of the fault 
(Fig. 2(K3, C-) or (2) on that whicli was i\w upthrown side (Fig. 
263, B). In other words, a fault-line scarp may face the same 
way as the original fault scarp or in the opposite direction. Fig- 
ures 264 represents a fault-line scarp formed in the first cycle of 
erosion. 

G. Landslide scars are the bare surfaces left by the fall 

of mtissejs of rock or of unconsolidat(‘d materials. The greatest 
dimension of a landslide scar is generally up and down the slope 

(267, F). 



B'lO. 264. — Section of a fault ecarp and a fault-line Kcarp. Strong beds, ruled; weak beds, 
blank : taluH, black, a hae been worn back funter than c because the weak rocks arc exposed 
in a. Before the faulting, the strong rock stratum at a and c was continuous. 

Here, also, might be mentioned the scars left by mudflows, 
although these scars are likely to be broad in area, with relatively 
low bounding edges and on lower slopes than the sites of land- 
slide scars, A.t the down-slope side or end of a mudflow scar 
will be found the mudflow dt^bris. 

261. Faceted Spurs. — ^Let us consider the topographic develop- 
ment of a fault scarp in a land mass that was essentially level 
before its displacement. Take “the ideal case of a faulted 
block of homogeneous structure whose faulting has progressed 
at a slow and relatively uniform rate, so that the sides of the 
ravines that are eroded in it shall be weathered back to graded 
slopes about as fast as the fault block is raised ... In an early 
stage (Fig. 265, A) the low' fault scarp is notched by ravines whose 
location and length are determined by the site of pre^faulting 
inequalities in the upper surface of the block. Adjacent ravines 
have not yet widened sufEciently to consume the edge at the top 
the Mock between them. In a later stage (Fig. 265, B) the 

IT' 



TOPOGRAPHIC FORMS 


303 


block is raised higher, the ravines are worn deeper and farther 
back, some of them being larger than others. Nothing of the 
upper front edge of the block now remains, for the flaring walls 
of the ravines now meet in a sharp ridge crest that rises back- 
ward from the vertex of a triangular facet on the block front,^ 
toward the top of the block. In the third stage (Fig. 265, O) 
the block is raised still higher, and the ravines have become still 
longer and deeper; at this stage the mountain crest might become 



Fig. 265. — Dissection of a fault scarp. (After W. M. Davis.) A, displacement uioder> 
ate; gorges short; part of the original front edge of the uplifted block remains. B. the same 
region filter more displacement and erosion; none of the front edge of the uplifted block is 
leh; the fault scarp still persists in a series of triangular facets. C, spurs and deep ravines 
in the uplifted block after further displacement and erosion. The upper surface of the block 
is not shown in C. Actually, the spur facets would have suffered some erosion in B, and 
more in C, and the slopes of these facets would tend, therefore, to decrease (Pig. 266). 


serrate, and its back slope would be well dissected. The long, 
sharp-crested ridges between the larger front ravines are still 
terminated by triangular facets, very systematic in form and 
position, with their bases aligned along the mountain front. The 
spur sides and the facets themselves will have suffered some 
carving, as is shown in Fig. 266, where some of the terminal 
facets are enlarged. The moderate dissection of the large facet 
by small ravines results in the development of several little basal 
facets along the fault line, where they form the truncating ter- 
minals of several little spurs. These basal facets are of impor- 
tance in this stage of dissection, for they have suffered the least 
change of any part of the mountain front. 

are thus led to conclude that the features of special 

significance as the necessary result of long-continued faulting, 

• 

' The italics in the quotation are not original. 
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IMsntiHtpnt into the recent period, ar(>, first, tiu* siiarp-cut, narrow- 
flooit'd valh'ys which have already b(H*n considered; and secondly, 
the large and small U'miinal facets «)f tin* spurs, whose bases show 
u notable uliguincnt along the mountain front. 



Fi< 4. 2A6. — DimoctiHl lermiiial faoeta of main spurts Drawn on a larger scalo than Fig. 265. 

(.\ftei W, M. Davis ) 



Fio. 267. — Triangular faoeta due to wave erosion. ABCD, initial shore line at time of 
submergence; DKF, cliff facet cut hock in spur DKF\ FGfl, spur platform fronting its cliff 
facet, FLH, after withdrawal of the watei. (After W. M Davis.) 

“If faulting be supposed to cease after the stage of Fig. 265 
is reached, the valleys will widen without much deepening at 
their mouths, the spurs will be narrowed, and the truncating 
terminal facets will in time be^so far consumed that the spurs 
will become pointed.”* 

Faceted spurs may be made als(» by glaidal err)sion, or by wave 
eroidou upon a submerged ridge-and-valley to|)ography along a 

» BibliSg., Davis, W. M., 1909, pp. 745 t47. 
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lake shore or a sea coast. If the ice should retreat or if the lake 
waters or the sea sliould withdraw, these triangular spur ter- 
minations might be mistaken for fault facets. Wave-cut tri- 
angular facets, however, would rise from the inner margins of 
triangular wave-cut benches (266) (Fig. 267), and the valleys 
would show evidences of aggradation succeeded b}'' rejuvenation, 
caused, respectively, by the advance and later by the retreat 
of the waters. Triangular facets made by ice arc sometimes 
found terminating the ridges between adjacent tributary glacigil 
valleys where they enter the trunk glacial trough (Fig. 268). 



Ftg. 268. — Triangular facetn due to glaciation. The lowland in the foreground in part of 
a broad trunk glacial valley. (Drawn from a photograph, after F. H. Moffit.) 


Ill this case marks of ice scour (32| 36, 36) are generally present 
on the walls and floors of the valleys and on the facets, and morc5 
or less glacial debris is distributed in the neighborhood. 

A more complex type of faceted spur is developed by a series 
of transverse, essentially parallel step faults. On such divides 
downdropped strips of the old upland surface may be preserved 
at different levels (264), 

Beaches 

262. Classification and General Characters. — All construc- 
tional shore-line deposits, built principally by the work of 
waves and longshore currents, and consisting of sand or of 
pebbles and bowlders, are herein classed as bectches. Under 
this head may be? listed barrier beaches, bay-head or pocket 
beache.s, spits, bay-mouth bars, tiebars, and cuspate forelands. 

Along a coa.st where the mainland is very low (coast of ele- 
vation), *the waves break some Kttle distance offshore. They 
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I<ia 2((1) — Barrur bench and laffoon (Circut South Bav) Moutlf of Tour Ihlnnd N Y 
The oveilap of lire lelafid Bench nuuth of Oak Inlancl Beach indicate h tTiinapurtation of 
and in the dircetiuti of the airow Shaded drv land, ntippled Hand hr ach, unshaded land 
area mainh (Islit) c|uadrnngle NY) 

rhurn up the* bottom sand and build up a sand reef or banter 
beach (offshore bar) (Fig 269), botwoon which 
and the main short* there is a strip of quiet 
water called a lagoon. Reefs of this kind aie 
well represented along the Atlantic coast Irom 
Long Island southward. Along steeper 
coasts, where the shore line is comparatively 
straight, a beach often lies at the foot of the 
sea cliff, forming a thin cover over the wave- 
cut bench. 

Beach construction on irregular coasts is 
varied. At the heads of the bays there is a 
tendency for the accumulation of debris worn 
from the neighboring headlands. These 
deposits are bay-head beaches (Fig. 270). 
Sometimes currents sweeping by headlands or 
islands distribute the rock fragments and sand 
111 spits which tail off into deep water (Fig. 
271), Spite may be hooked, or rt-curved 
(Fig. 272). If a spit or a barrier beach 



Fio 270 —Bay-heftd 
ImmH CsUpplecl) connint- 
Ing of wave-WMhed tcedi- 
to 

loft Th« an own 
oliow the dhotiilou nf 
troAoportotloki 

fro repreoeninl bv 
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Fi<3. 271. — Spit (ntipplecl) at the head uf Holinas Bay, Cal. (Tamalpaia aheet, Cal.) In 
which direction were the materials of the spit transported? 



Fia. 272.— WUlouchhy Spit, Va. (Norfolk Fia. 273. — ^Morood Lako, Cat. a 
quadrangle, Va.-No, Car.) bay dosed by ibe forward growth of 

• < . a el^li. (Ban Mateo and Ban Fraoi- 

oiaeo sheets. Cal.) 
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Fia. 274.— M**cox Bay, L. I , a bay cbufM^d by the landward advance of a barrier bead 
(San Harbor quadranalc, N. Y.) 



Fia, 27S. Fig. 270. 

Fyo. 270.— Uynn (the long narrow atippled area) connecting Naliant (shaded areas 

0a tlm whhIi) witli the mainland (NW. shaded area). Lynn Beach is a tiebar (tomide). 
, once eOiMdated of two islands, now themselvee united by a tiebar. fBaston Bay 

fl[<^*7j|^Thre« varietiee of cuspate foreland (stippled). The mainland is shaded. In 
lorellUMla Uielose lagt?oas. The arrows indicate current directi<ma. 
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finally closes in the entrance to a bay, it is termed a bay-mouth 
bar (Figs. 273, 274). If it is carried out so far as to join an island 
with another island, or with the mainland, it is a tiebar (Fig. 275). 
A cuspate foreland, is a triangular point of land, often inclosing a 
small triangular lagoon, built out from a shore line by currents 
(Fig. 276). 

In general bcac'hes ar(‘ coarser at the top than tliey artj near 
t/ho water. Sea beaclies often consist of pebbles al>ove high tide 
level, grading downward into sand, and, below low tide level, 
into mud. On very low, shelving shores, mud flats are (jxposed 
at low tide. Coarse pebble beaches arc usually situated near 
cliffs from which the materials are supplied. A sand beach may 
have its surface diversified by ripple marks, rill marks, wave, 
marks, and other feature.*^ whicli have been described in Chapter 
IV. 


Benches and Teruackb 

263. Definitions and Identification. — Benches and terraces 
are relativ ely flat, horizontal or gently inclined surfaces, some- 
times long and narrow, which are bounded by a steeper asc<uid- 
ing slope on one side and by a steeper descending slope on th<j 
opposite side. Both forms, when typically developed, are 
steplike in character. By increase in breadth they grade into 
plains. Not uncommonly the term bench is used to denote forms 
in solid rock, and terrace^ forms in unconsolidated materials, but 
this distinction is not always made. 

Key for the Identification of Terracb-likk Land For.mh 

The land surface has the form of a bench or a terrace. If 

A. The terrace-like form is definitely related to horizontal strata in the 
underlying bedrock, being situated between two abrupt slopes or clfffs 
which truncate relatively hard strata, it is probably a bench or a step 
produced by differential erosion ( 266 ). 

B. The tcrrace-Iike form is not definitely related to horizontal strata in the 
underlying bedrock, and 

1. Is situated along an existing shore line, beachlike, usually just above 
high water level, it may be a. wave-buUt terr^ or an iee-piished 
terrace ( 266 ). 
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2. Ib not Hituaiod along an existing shore line, but 
a. Ib Mituatcd on a valley side or a hillside, and 

(1) Has a rather irregular shape, seldom with a flat or level siirfaci*, 
and although, perhaps, appearing on the flanks of several 
adjacent hills (or mountains), never follows up the intervening 
valleys, the terrace-like form may be a fault bench or terrace 
( 254 ). 

(2) Has a shape which is conspicuous for its regularity, generally 
with a comparatively flat surface, and 

(a) With the appearance of having been huill out upon th(^ 
original sloping surface, the terrace-like form may be a 

* marginal terrace ( 266 ), or a river terrace ( 267 ), or one of 
several varieties of abandoned beach ( 262 , 286 ), in any case 
bounded downhill by a relatively steep slope. 

(b) With the appearance of having beem cut into the original 
sloping surface, the terrac<vlik(‘ form may be a wavc-(!ut 
ben(di ( 266 ) or a wave-cut terrace ( 267 ), in cith(‘r c.as<i 
bounded uphill by a steep wave-cut cliff ( 260 ) at the base* 
of which wave-worn |>obblos and bowlders luay be present. 

(c) With the appearance of having bec*n both built out upon, 
atul cut iniOy the original sloping surfac^e, the t('rrace-lik(j 
form may be an abandoned wave-cut bench or terrace 
(cut in) in association with an abandoned offshore terrace 
(built out) ( 286 ). 

/). Is situated on the floor of a valh’-}’, it is probably a river terrace 

( 266 , 267 ). 

264. Fault Benches. — Irregular benches are produced on 
the sides of hills and mountains by certain kinds of faulting. 
These are fauU benches. Their surfaces may be undulating or 
hummocky and need not be horizontal along their length. There 
may be a slight depression— indeed, sometimes quite a marked 
saddle — between the outer edge of such a bench and its inner edge 
whore it meets the hillside (Fig. 277). Lawson has called the 
outer, ridge«like edge a kernbiUy and the inner sag a kerncol^ 
Two explanations for the origin of these features are illustrated 
in Fig. 278. Such benches are not to be confused with similar 
forms of landslide origin and, therefoi'e, purely superficial (Fig. 
279). Benches like that in Fig. 279 may be product on a smaller 
either singly or in steplike groups, by slumping. , 

I; Lawsoi^, a. C,, 1902^1904, pp. 331 9«g. 
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266. Constructional Terraces. — Constructional terraces include 



offshore terraces (als(3 called wave-huilt terraces), marginal 
deposits and abandoned beaclu's. 

An offshore terrace (Fig. 280) is a 
deposit of sand which is built out 
into deep water hy the combined 
action of waves and currents. It 




Fio. 277. — Map of a hill- 
aide ridge made faulting. 
(After the California State 
Earthquake Inveatigation 
Commiesion.) 


Fio. 278, — Two explanations for the 
origin of kernbuta and kernools. In A 
the mouiiiaiii flank conMistH principally 
of pre-faulting land surface, and the 
Uphill side of the kernbut is the fault 
surface (lined). In B the mountain 
flank is chiefly fault surface (lined), and 
the uphill side of the kernbut is the pre- 
faulting land surface. 


trends parallel to the shore. The materials are dumped over its 
outer edge. Its upper surface is a continuation of the shore 
bench or wave-cut bench with 
which it is associated. Shore 
terraces are not exposed except 
by sufficient subsidence of the 
water level. 

Wave-buiU terrace is a term a^o.-Bcnch ca^ by a 

sbde. 04 ^ original profile; profile 

sometimes given to the upper after aUpping; ec, surface of slipping, 
coarser portion of a beach where 

the wav«8 have thrown the pebbles up in low ruiges pnmllei to 
the shore line and a few feet above mean high watter levjd. ■ An 
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ice’-pufihed terrace is made along some lake shores by the thrust of 
ice up the beach. Similar features have been observed on the 
shores of fiords and inlets of the sea in iiforthern latitudes. 

During the later Pknstocene, when the ice was fast melting 
away, gravels and sands were sometimes deposited between 
withering ic(? tongues and the adjacent valley walls. After the 
complete disappearance of the ice, th(\se deposits were left as 
terraces on the hillsides. While, for several reasons, they are 
not common, the chance of their existence should no<» be forgotten 
when studying terraces in regions of past glaciation. 



Fio. 280, — Shorc'-lino featurc«. ab, sea cliff; be, wave-cul bench; ede, wave-built terrace 
fffh, outline of land surface before wave erosion; the same surface lies beneath the terrace; 
ff, a stack. 


Beaches and other associated shore-line deposits which have 
been abandoned by the water body at whose margin they were 
formed, may constitute terraces which may be difficult to dis- 
tinguish from river terraces. They are discussed in a separate 
section, (286). 

266. Destructional Benches and Terraces. — W^ave-cut benches, 
canyon benches, plateau steps, and river terraces may be 
described in this category. 

The bench {marine bench) usually has a rock floor and 

terminates inland in a marine cliff and seaward in a shore terrace 
(Fig. 280). It is made by the gradual landw^ard erosion of the 
cliff and may be more or less covered by a thin layer of rock 
<Mbiis. Stacks (278, F) may rise above the bench near its inner 
margin. If the iand rises or the sea level falls, such a bench 
beoom^ abandoned (286). Its associated terrace will quickly 
wholly or in part, ahd a new sea cliff and sea bench 
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may be cut into the rocks. The abandoned bcncli will then be 
bounded both landward and seaward by sea cliffs (Fig. 281). It 
may be incised by stit*ams that traverse it to the new shore line. 

Marine erosion of unconsolidated rock materials may produce a 
similar wave-cut bench, but the sea cliffy at the head of the bench, 
or fringing residuals corresponding to ‘‘stacks , " may be less 
pronounced than in solid rock and may lack the undercut or 
notch at the base. Forms analogous to those just described may 
be developed by the action of waves along lake shores; and succes- 
sive stands of lake level, during a long period of shallowing of the 



Fia. 281. — Profile section of abandoned (probably elevated) wave-cut cliffa and benchea. 
Stippled, talus; ab, outline of land before erosion; H.T.L., high tide level. The oldest 
bench is 1, the next is 2, and the youngest is 3. 

lake waters, may result in several such groups of abandoned 
shore-line features on the slopes forming the lake basin. 

In regions of horizontal strata the w^alLs of deep valleys may be 
steplike. The cliffs between the treads or bench levels are in 
hard strata. In each case the upper surface of the hard layer 
roughly coincides with the tread above the cliff (Fig. 258). These 
are canyon benches. 

Where erosion has greatly broadened benches like those just 
described, they are called steps (German, stufe) (Fig. 282). They 
are characteristic of the high plateaus of western America. 
Exact counterparts of these steps, as far as their origin is con- 
cerned, are the cuesta in low-dipping strata and the hogback in 
steeply dipping strata (278| C). 

If the dawmoard cutting by a river becomes retarded for one 
reason or another, lateral cutting may Ixicome predominant, and, 
by virtudol the swinipng and n^lgration of the meanders of the 
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river, a long narrow plain be formed, beveling across rocks 
and structures below (261). Provided the stream now undergoes 
rejuvenation^ which moans a return of the preponderance of 
downward over lateral cutting, it will erode below the level of this 
plain, parts of which will be h'ft its river terraces; and, if this 
process is repeated, l,here may be several sets or pairs of such 
terraces, rising stoplik(' above the present level of the river, or of 
the river flood plain. If, during any period, the meanders swing 
all the way over to the original valley side, the older (higher) 
terrace (or tcjrraces) on this side may be destroyed. Also, if 



Fio. 282 . — Stops, or made by erosion of alternating strong (stippled) and weak 

(blank) horizontal strata. 

there are numerous tributary streams, these may cut into the 
terrace remnants, finally leaving only a scuics of narrow, nearly 
level-topped spurs as evidence of the former terraces. Even- 
tually these, too, might disappear. Note that, whether these 
river terraces are carved out of consolidated or unconsolidated 
rock materials, this fact may not at once be apparent because 
there is nearly always a thin layer of river alluvium (mud, sand, or 
gravel) covering the destructional surface of the terrace. 

257. Degradation and Aggradation of Rivers. — Erosion by 
streams, including both downward cutting and sidewise, or 
lateral, cutting, is called degradation. Building of deposits by 
stream action is aggradation or alluviation. The development of 
river terraces, as above described (256), depends mainly on an 
alternation of the , preponderance of downw^ard cutting and of 
lateral cutting; but terraces may likewise be form^ through 
alternation of degradational and aggradational processes. There 
^ several reasons why degradation may succeed aggradation. 
(|^ Jn ite normal development a river constnicts an alluVial plain 
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ill its lower course. The surface of this plain is above the level 
to which the stream can cut in a later stage. Subsequently, 
therefore, the river incises its channel in the alluvial deposit and, 
by meandering, may broaden its flood plain (260, A) until only* 
remnants of the old, higher plain are left. These remnants 
appear as terraces on either side or on both sides of the flood plain. 
They are usually not very conspicuous features. (2) Much more 
striking arc the terraces formed by the downcutting of a stream 
into thick alluvial deposits which it laid dowm during a period 
when it carried an excessive load. Many of the rivers of northern 



Fx(j. 283. - River terraces. Black spota at the terrace cuapa repreacut heiircHjk expoaurea. 
ahe, former level of terrace gravela. 

regions were thus overloaded by abundant debris derived from 
melting ice in the waning stages of glaciation. With the disap- 
pearance of the ice, the supply decreased so much that aggrada- 
tion gave place to degradation. Terraces made in thi.s way may 
be preserved for long periods of time when the river, in swinging 
from side to side, encounters projections of the bedrock below the 
alluvium. The rock outcrops are generally situated near the 
terrace cusps (Fig. 283). (3) If the volume of a stream is aug- 

mented while the load remains unchanged, the stream will incise 
its channel. (4) By uplift of the land, rivers may be rejuvenated 
and so forced to cut into their old alluvial deposits. 

Plains 

268* Tenninology and Identification. — ^Land forms which are 
comparatively flat and of low inclination and w'hich are not 
better classified under the fae^ of benches or terraces are placed 
here under plains. They vary in area from a few acres to many 
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square niih^s. While their eontiniiity may l>e interrupted by 
isolated hills or by t)C(;asional valleys, flatness is their predomi- 
^nating quality. 

Key for the InENTiFirATioN of Plains 

The laiul Hurface is a flat, (»r nearly flat,* plain which may be horizontal or 
gently inclined. If 

A. The materials hcMieath the plain are till, the plain is a till plain (260, D). 
H. The materials beneath the plain have a stratiform structure with w^hich 
the plain is esstuitially parallel, and thes<^ materials consist principally of 

1. Superposed lava sheets, often with intercalated beds of volcanic ash, 
etc., the plain is of volcanic orif^in (269). 

2. Stratified muds, sands, or grav<»ls, and if 

а. The plain constitutes the floor of a basin which 

(1) Is intermittently more or less covered by shallow alkaline 
lakes, the plain is probably a playa (260) F) and is situated in 
the lower cemtral part of a desert region. 

(2) May or may not be flooded from time to time, and which is 
bordennl by such shore-line phenomena as beaches, deltas, 
wave-cut cliffs, etc., now' all abandoned and more or less 
destroyed, the plain may be the floor of an old lake (260, E).* 

б. The plain borders a range of hills or mountains away from which it 
slopes dow'nward with an inclination of 5® to 8° at its upper margin, 
this angle decreasing inversely as the distance from the range, the 
plain may be a piedmont alluvial cone or a piedmont alluvial plain 
(260, A). 

c. The plain constitutes the floor of a valley ^ong which a stream 
flows, the plain may be a valley train (260, C) or a flood plain 

(260, A). 

d. The plain borders upon a lake, down to which it has a gentle 
inclination, and 

(1) Is local, being situated at the mouth of a stream which empties 
into the lake, the plain is probably the exposed upper surface 
of a delta (260, B). 

* Such a flat plain need not be continuous. It may be incised by valleys 
or broken by faults, or perhaps diversified by an occasional volcanic cone, 
sessile upon its surface; but provided its original character is still recogniz- 
able, its nnuaining visible portions may l)e classified os if it had not been 
modified since its oirtgin. 

< Such f€^ j tures may be found in valleys which were once basiiKi protluced 
some ieninorarx' natural barrier ( 286 ). 
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(2) Is contihuous round a large fraction or the whole of the 
periphcr>’^ of the lake, and is underlain hy mud or clay, the 
plain may be an exposcnl portion of the lake bottom at time of 
low water. 

c. The plain borders upon the sea, down to which it has a gentle 
inclination, and 

(1) Is local, being 

(a) Situated at the mouth of a stream and not being inundated 
except, perhaps, in rare instatu'cs and then only at its 
outer margin, the plain is probably the exposed surfatjc of 
a delta (260, B). 

(5) Part of the floor of a bay, and being inundated at high tide, 
the plain is probably an estuarine flat (260, £). 

(2) Is continuous for many miles along the coast and is not 
inundated at high tide, the plain may b(j a coastal plain 

(260, E).‘ 

/. The plain, having a gentle southward inclination, is border(?d on 
the north by an irregular humrnock-and-hollow topography of 
glacial origin (refer to the key in 274), it may be a frontal apron or a 
sand plain (260, C). 

Th(i materials beneath the plain arc rocks of various kinds and often 
with diverse structures, and these rocks and structures arc truncated by 
the plain, the latter may be a plain of marine denuflation, a graded river 
flood plain, a peneplain, or a plain of arid denudation (pediment ) (261), 
Note, however, that in many cases, such destructional plains are thinly 
veneered with gravel or other loose sediments that conceal the typical 
erosional features and thus make them look like constructional plains. 

269. Volcanic Plains. — Volcanic plains are the surfaces of 
broad sheets of lava or of volcanic ejectamenta. They may l)e 
many square miles in area. They are usually diversified by 
other volcanic forms. 

260. Constructional Plains. — River flood plains, alluvial cones, 
piedmont alluvial plains, delta plains, glacial frontal aprons, 
outwash plains, valley trains, till plains, lake-floor plains, estu- 
arine flats, coastal plains, and playas are all constructional in 
their mode of origin. Swamps might also be listed here, but 
they are treated in Art. 262. All have been built up in one way 
or another. 

' A coastal plain may consist of isolated portions at the heads of the bays 
on an irregfllar coast which has suffmd only a small emergence. 
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A. Plains of several kinds are constructed by rivers. 

When a stream has its volume diminished (as by evaporation in 
deserts) or has its efficiency lowered by a decrease in its velocity, 
it may become; overburdened with detritus so that it will have to 
deposit part of its load. Aggraded flood 'plains y characteristic of 
mature rivers (281), are alluvial flats which are often covered by 
w^ater at times of flood. When the waters subside a new^ layer 
of sediment is deposited on the plain. On piedmont slopes 
streams are forced to <leposit where they pass out from their 
steeply gra<led mountain valleys on to broad lowlands. Each 
stream builds an alluvial fan or cone, a gently sloping deposit 
(Fig. 284), which focusses at the point where the stream leaves 
the mountains. Ordinarily the channel is not so deep but that 


Fiu. 284. — Uadial piufiUj Hection of an alluvial couc. The dislance Iroiu a (o 6 is about 

8 niilee. 

the stream can break out at times of high w^ater and take a new 
route on a low^er part of the cone. When deposition has gone 
too far in one place there is a shift in the water course to a new 
position, so that the cone is formed symmetrically, banked up 
against the mountain side. In arid regions these fans are built 
intermittently largely by torrential outbursts and by mudflows. 
If these cones coalesces, they make a piedmont alluvial plain, or, 
in arid regions, a bajada (pronounced bahada), which spreads 
like an apron along the front of the range. A bajada is charac- 
terized by a succession of groups of radiating dry channels, 
each group focusing at the head of its fan. The radial profile 
is concave upw^ard (Fig, 284), Parallel to the mountain range 
the convexities of the component fans impai*t to the bajada an 
undulating surface.''^ 

A delta is a familiar type of river deposit. It is made 

where a stream loses carrying power by passing into a body of 
water with litde or no current. Topographically it consists 

^ BtieKWBLDEB, Kliot, ^‘Descrt HaiuB,” Jour. GeoLy vol. 39, l"931, p. 136, 
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of threi' i)ar<*( (Kig. 285): (1) a broad, gontly sloping upper sur- 
face most of wiucii is above the level of the quiet water body; 
(2) the sUujper front slo|)e which is submerged and has the angle 
of repose of materials under water; and (3) the submerged muds 



Fia. 285. — Uadiul piofile soctioii of a delta, abe, top aurfuca, of which ab is exposed and be 
is sub merited; cd, front slope; de, prodelta claya and muds. 


and silts {prodelta clays) which extend out in a gently undulating 
sheet from thr^ foot of th(^ front slope. Deltas are described here 
because the exposed portion, (1) above, is conspicuous as a 
plain. On this surface the river may split into distributaries 
which reach the front at different points on the periphery (Fig. 
286, A). The i)lan of a delta depends on several factors among 
which the pr(\sen(?e or absence of 
longshore currents and varia- 
tions in the load transported by 
the I’iver are important. Were 
it not for these disturbing factors 
the delta would be semicircular 
in outline. Longshore currents 
sweep away much of the material 
dumped by the stream, and so 
truncate the delta (Fig. 286, B). 



When the lo^d of the river is 
diminished, the several distribu- 
taries may temporarily degrade 
their channels, bear the resulting 
sediments to the front, and drop 


Fia. 286. — A, lobate d(;lta with disiribu- 
tarim. B. a delta which has had tU form 
modified by a current Sowing in a direc- 
tion up the page, aa the figure ia drawn. 
In each case the mainland in on the left 
and the water body on the right of the 
chore line. 


them there as small deltas. This makes the main delta lobate.^ 


Highly irregular delta fronts show that river construction domi- 
nates over wave erosion. Delta structure has been described in 


Art. 84 . 


^ Bibliog., Smith, A. L. 
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C. Tho ronstnirf ion of (Mitwasli plains was an important 

iicoompriHhiiKMit of iKpUMiKlacial waters just outsider the margin 
of the continental ice sheet. Frontal aprons, valh^y trains, ami 
glacial delta plains were so formed. Frontal aprons correspond 
to alluvial plains. They consist, of sands and gravels which were 



l'’io. 287 . — I<leal radial of a gluoia) delta plain ahowiiiR ita relation to Ihe ice masa 

and the water level. Both ice and lake were temporary, ab, eeker channel; b, head of delta 
plain; d, front of delta plain at water level; o, backset beds; st, line of unconformity between 
rock floor avid overlying unconsolidated dt'posits. (Afi€*r W. M. Davis.) 

spread out in front of the ice. Their length is parallel to the ice 
margin and they often head against frontal moraines. The 
largest ones were made south of the main terminal moraine. 
Probably those portions of the loess plains of central United 
States which were water-laid constitute parts of very large out- 

wash plains. Valley trains are noth- 
ing more than restricted frontal 

aprons. They are valley floor de- 
posits of sand and gravel laid down 
by heavily overloaded streams that 
flowed from the melting ice. Some 
of them are many miles long. 

Many have since been terraced. 
Glacial delta plains were built by 
aqueoglacial streams in temporary 
¥io. 288.-;-Map of the Barring- lakes, For their construction the ice 

ton delta plain. R. I. Stippled, esker i i . 

and delta plain; vertical ruling, brick front mUSt haVC been stationary 

ctnya, largely marsh land; horiioo- /aimv Tn\ a i. xu 

tai ruling, water. Seale, approxi- (2TT| E). Subsequently they were 

exposed by the natural draini^ of 
these lakes. There are a great many 
of them in New England, New York, etc. They consist of the 
three parts mentioned above for modem deltas. The prqdelta 
claj^ are now oftmi covered by marsh. At their nor^em edge, 
ihese delta plains usuidly terminate in ice-contact slopes where 
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formerly the depdsits rested against or upon the iee (P'ig. 287). 
Often an osker north of a delta [)lain marks the eoiirse of tln^ 
oj'iginal stream (h^ig. 288). Any of these outwash plains, eonsist- 
ing chiefly of sands and gravel, and depositcnl by water in 
proximity to glacial i(;e, may be called sand plains. Some sand 
plains are pilled by k(‘ttle hohis (267) and some show the crld 
stn^arn ‘channels, or creases, 

D. Till plains arc produced by more or less uniform 

deposition of till, usually in lands of low relief. The iee must 
retreat at a fairly constant rate, for otherwise the dd^bris is 
apt to be heaped up in morainal ridg(\s. The' till of tluvse plains 
is no doubt partly subglacial, partly englacial, and partly sup(T- 
glacial. In sections the deposit is seen to. have no stratification 
( 66 ). 

E. While silts and muds arc in process of accumulation 

on the floor of a lake there is a tendc^ncy to fill depressions 
and thus to make the bottom more even. I'he same thing may 
be said of sea floors. If the lake is drained or evaporated away, 
the exposed floor will be a lake-^floor plain. In section the 
underlying deposits will bo seen to be very fine and evenly 
stratified (86). They may carry fresh water fossils. If the 
floor of a bay is laid bare at low tide we 8p(‘ak of it as a mud fiat 
or an estuarine flat. If the land should suffer relative uplift with 
respect to sea level, a larger area of sea floor w^ould be exposed as 
a coastal plain. Where there Ls gradual exposure of sea-floor 
deposits, inflowing rivers are likely to be aggraded, and so it 
happens that extensively uplifted coastal plains consist, not 
solely of littoral and marine sediments but of littoral and marine 
strata interbedded with fluvial or river-laid deposits (78; 84, F; 
86 ). 

^F. Playas are level plains underlain by clays, locally 

alternating with salt and gypsum, deposited in broad shallow 
ephemeral lakes in basins in desert regions. Deposition is inter- 
mittent. It is accomplished by inflowing mud-laden streams 
after local cloudbursts. Drought of many months duration 
may succeed a short period of accumulation, and in this dry 
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season the muds may crack and p(iel under the sun^s rays and 
undergo a considerable amount of <^olian erosion. While dry, 
playas are often whitemed by a e.rust of soluble salts. (Where 
did these salts come from and why are they found here?) Some 
playas, marking the loci of discharge of groundwater by evapora- 
tion, are soft and wet most of the time. 

261. Destructional Plains. — The plain of marine denudation, 
the graded river flood plain, the peneplain, and the plain of arid 
denudation (pediment), are the principal members of this group. 
The plain of marine denudation is merely an enlarged marine 
bench (266), a level arc'a cut by the waves. Its distinguishing 
characters are as follows: (1) a sea cliff surrounds any residual 
stacks or other elevations that rise above the plain; (2) there is 
a scanty covering of wave- worn pebbles and beach sand; (3) the 
surface bevels across rock structures. The sand and gravel, 
being poor supporters of plant growth, are not likely to be 
densely covered by vegetation even in old uplifted plains. 

A graded river flood plain^ or ''river grade plain'' ‘ is really 
a destructional plain, beveling across structures in the bedi’ock 
that is concealed by a veneer of river deposits. Such a plain is 
commonly narrow, its width being determined by the breadth of 
the meander bolt (sec^ footnote, page 367), for the planation 
is accomplished largely b}' side cutting as the stream meanders. 
The graded river flood plain may easily be mistaken for the 
aggraded flood plain (260, A), which, how^ever, has a much 
thicker underlying deposit of alluvial material than in the 
former. 

A peneplain* {pency almost) is a nearly flat or broadly undulat- 
ing land surface produced by normal subaerial erosion, that 
is, by erosion which is accomplished chiefly by the work of 

* Bibliog., Blaokwblder, Eliot, 1931, p. 134. 

* We have retained the original spelling, peneplain^ instead of the revised 
spelling, penephney which is found in some recent textbooks, because William 
Morris Davis, who first used the term, intended to convey the idea, not that 
the land had been worn down almost fiat or almost level but that it had been 
Slinosi^ rather than completely, worn down. His emphasis was qn degree of 

XL. At .. A* . - - - V A _1 
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rivers assisted by weathering. A stream-made topography 
passes through a series of stages of development, known as 
youth, maturity, and old age (281). The valleys, at first narrow, 
become broad; the hill slopes grow gentler; the relief as a whole 
becomes less and less rugged; and finally the rivers Mith their 
branches, aided by weathering, reduce the land to an almost, 
level plain. This is the peneplain. It is the ultimate stage of 



0 


Fio. 289. — A reprcHtmtci the eection of a peneplain upon rorke of varjung hardneM and 
with coinplieated atructure. B ia the same region after moderate uplift, revival of erosion, 
and removal of the weaker rorks to a level below that of the old peneplain M’hich is now pre- 
served in the hill tops, a, schists, intruded by b; e, basal conglomerate laid down uncon- 
formably on b and overlain by sandstone, d, and shale, e. C shows a peneplain bevelling 
inclined strata. D represents the same region after uplift and erosion. Here the harder 
rocks, a, b, and c, form cuestas. 

the erosion cycle. A true peneplain has the following characters: 
(1) the relief is very low, but there may be ^ few scattered 
residual hills (monadnocks) which have not yet been cut down 
to the level of the surrounding country ; (2) the streams meander 
at grade (281) in broad, shallow valleys; (3) thick residual 
soils carpet the int^rstream areas, for slopes arc so low that 
weathering is more rapid than removal of the debris; (4) the 
surface of the plain bevels across the underlying rocks without 
regard to variations in their hardness and structure (Fig. 289, 
A). Peneplains on nearly horizontal strata are difficult to deter- 
mine as such, but the geologist usually finds that, -by travelling 
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across the plain in certain directions he traverses different strata 
or formations which successively come to the surface (Fig. 289, 
C). A peneplain is first completed near the sea coast and its 
development progresses inland, for rivers generally reduce the 
land to late stag(‘s of erosion in their lower courses long before 
they have lost even their youthful appearance up in the hill 
country. A peneplancd surface of great extent is rare because 
erosion becomes excessively slow in advanced maturity and old 
age. Relative depression of the sea level, tilting, crustal warp- 
ing, and other changers may interrupt the cycle of erosion before 
it has reached its normal conclusion. 

If a peneplaned land mass is uplifted with respect to sea 
level, . a new cycle is inaugurated. Beginning at the shore 
line and cutting headward, the rivers will incise their channels 
as young valleys below the upland surface. They will have a 
new base level (281) toward which they will work. As time goes 
on, the upland area, the old peneplain, will be diminished until, 
in the mature topography of the new cycle, it is represented 
perhaps merely by the (crests of the hills. Yet it will still be 
called a peneplain — a dissected peneplain. It will be recognized 
by the fact that a majority of the bill's rise to about the same level 
(Fig. 289, B, D). In the distance it will be indicated, though not 
demonstrated, by the ^Vven sky line.’’ We say “not demon- 
strated,” for an even sky line in a hilly topography may be due 
to the dissection of some other kind of plain, or it may be the 
result of differential erosion on strata which have been folded so 
that the anticlinal crests reached approximately to the same level. 
The student must take great care to investigate each case by 
itself before concluding that he has discovered a peneplain. 

The third type of destructionaJ plain, the plain of arid denuda- 
tion or mountain pediment,^ is limited to desert regions. It is 
a product of stream wash, sheetfloods® and rill wash, with lateral 

» Bibliog., Ksyes, C. R. 

* A skeet&>od is a broad, shallow sheet of runiiiug water, which rises 
generally' following a cloudburst, and soon sulisides^ again and 
Temporary streams of this kind are characteristic of some 
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cutting predominating, assisted by removal of the finer debris by 
the wind (deflation). Students of desert conditions have shown 
that many square miles of nearly level country in arid regions are 
really floored by bedrock concealed by only a tliin veneer of rock 
waste. During storms and during the movement- of the sheet/- 
flood, this rock waste is carried forward and, in its transportation, 
it accomplishes erosion; but, after wind or flood subsides, it 
comes to rest for a while until the next storm ui*ges it forward 
again. In this manner a plain may be worn on the bevelled edges 
of rock strata so that the relations resemble those of true pene- 



Fig. 290. — Ideal crom section of a bolson. oh, exposed mountain flanks in process of 
erosion; 6c, pediment, meeting oh with abrupt change of slope; 6c is thinly veneered with rock 
waste, which is shifted intermittently toward lower part of basin edde, where it may accumu- 
late. The floor of the basin, under alluvium (black), may lie irregular instead of smooth, as 
shown. In special cases, a bajada of coalescing fans may be built out from the mountains, 
covering the lower part of ab and the upper part of 6c. 


planation. Residual hills and ranges (“island mounts”) of 
relatively resistant rock may rise as monadnaeks a)>ove the plain 
of arid denudation (268, A).^ 

Because of its veneer of rock waste, the pediment may be 
confused with the bajada, especially since the bajada may grade 
downward into a pediment. However, in contrast with the 
undulating profile of the bajada, parallel to the mountain front, 
and its series of groups of radiating drainage channels, the pedi- 
ment is a nearly flat plain, slightly concave upward, with a nearly 
level profile parallel to the mountain front, and its draiinage con- 
sists of braided stream courses. 

semiarid regionB. When heavily loade<l with mud and other rock debris, 
the sheetfiood becomes a mudflow which may be a powerful agent of trans^ 
portation of huge bowlders (Bibliog., Blackwbldbb, Eliot, 1928). 

^ For a detailed comparison between erosion features in arid and humid 
climates, see Bibliog., Davis, W. M.. 1930. 
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Broad, closod desert basins flanked by mountains, which an^ 
fringed i)y bajadas and jjedimentH, passing (centrally into flat 
playas, are referred to as bolsons (Spanish for 'purse) (Fig. 290). 


Swamps 


262. Definition and Classification. — A large proportion of the 
land surface receives its moisture in the form of rain, snow, hail, 
dew, or frost, but there are some places which are watered by 
springs, and therc^ are others which are periodically or occasionally 
flooded. Whatever may be the source of supply, the water 
ordinarily passes away within a very short time. Some of it 
runs off over the ground in thin sheets or in little rills ; some of it 
sinks into tlui soil and into fissures in the bedrock, and so becomes 
groundwater; part of the underground water Combines with part 
of the run-off to form streams; and, last, a considerable quantity 
of moisture is evaporated. These modes of removal may be 
referred to as drainage (including run-off and streams), percola- 
tion, and evaporation. Thorough drainage may be prevented 
by the Icvelncss of the land; percolation may be impeded by a 
relatively impervious soil, subsoil, or underlying bedrock, or by 
a thick mat of plant roots and plant remains; and evaporation 
may be checked by a dense foliage. If, in any region, these 
processes are incompetent to carry away all the water that is 
supplied, the ground may become swampy and perhaps stay 
so for an indefinite time. A swamp may be defined as a land 
area where the soil contains an excess of moisture. 

A majority of swamps are nearly or quite level, yet the soil 
on mountain sides and hillsides is sometimes soggy either because 
of the constant downslope percolation of moisture from melting 
snow fields above or because of a local subsurface discharge of 
underground water. These may be termed hiUside swamps. 
Coastal plain simnips^ like the Everglades, owe their existence 
primarily to their flatness and consequent poor drainage. 
Although they kre situated on uplifted portions of the sea floor. 


tb^y are usually fresh, most of the original salinity having long 
|go ilisappear^. Dettorplain swamps and ru'er 
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Hxvanips are due aw much to frequent overflow an to their levelneas. 
In glaciated countries inland swamps arc often the sites of lakes 
which have been choked by vcgc'tation and soil, or they arc? 
located upon a* clayey subsoil that does not allow free pcMcolation. 
'Hie latter variety is not uncommon on iho prod(‘lta clays of 
glacial sand plains (Fig. 288). The lake-basin bogs are sometimes 
called muskegs. Portions of the tundra in nortliern climates 
are kept saturated by melting snow. Small boggy places may 
be found even in deserts. For instance, the ground is moist 
and there is generally some vegetation in the vicinity of springs, 
and at points where intermittent streams sink into th(‘ gi’ound, or 
where they come near the surface in their subterranean (course. 
A swampy belt may be situated in si)il that concc'als a bedrock 
fault, if the fault serves as a conduit for ascending underground 
waters. Along sea coasts several kinds of salt marsh are recog- 
nized. Some are caused by the filling of lagoons with mud, sand, 
and plant, remains (283) ; others are due t,o the slow uplift of the 
sea floor; and others, on the contrary, are indicative of subsidence* 
The evidence for the origin of this last type rests on these facts: 
(1) the marsh deposit is relatively thick and consists of mud 
mixed with the relics of plants (mostly grasses) which can exist 
only if they are moistened by salt water for a short period each 
day; (2) this marsh deposit rests upon a floor which was once 
undoubtedly under subaerial conditions; and, (3) the prcM^ent 
upper surface of the marsh is just within reach of the high tide. 

In many cases the origin of a swamp is suggested by its topo- 
graphic surroundings, but whenever possible corroborative 
proofs should be looked for in the structure of the marsh deposit 
itself. This can be done with an instrument for cutting test 
holes. 


Valleys and Basins 

263* Terminology and Identification* — The word b<mn is here 
used for topographic depressions which are rimmed round on all 
sides. Tliey may be deep jjr shallow, large or jsmall, and they 
may or may not contain water. Valleys are topographic depres- 
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sioriR that arc o|)cn, although in some (*as(*s th(*ir floors may hv 
diversified by small basins. They ma^^ or may not be occupied 
by streams. 

In att<‘mp1ing to draw uj) a table for the recognition of valleys 
and 1)asins, it has been thought best* to treat them separately, as 
follows: 


KkY for TIIK Il)ENTlFIC\TlON OF ToPOORAPHK’ JiASINS 

The hind has the form of a basin, boinfc riinmod on all sides. If 
A. The biisiii, after careful investigation, is found to be due to the direct 
effects of faulting ( 204 ) or of tilting or warping of the underlying rocks, 
it is a tectonic or diastrophic basin ( 264 , 266 ). 

H. The basin is due to the damming of a valley by a barrier of lava, morainic 
ddhris, ice, mudflow, or landslide di'ibris, or if it is situated near the sea 
coast and is separated from the ocean merely by a“sand or gravel beach, 
it is a barrier basin ( 267 ). 

C. The basin is not the consequence of diastrophism or of the construction 
of a barrier across a valley, and 
1. Is entirely rimmed by bedrock, ‘ 

a. Being gtmerally shallow and 

(1) Veneered by a thin deposit of transported (wind-blowui) dust 
or sand, it may be a wdnd-scoured basin ( 268 ). 

(2) Covered by a deposit of residual malerial, it may be a basin 
due to some local iii:ed process of weathering ( 268 ). 

b. Being comparatively deep, but generally not so deep as it is wide or 
long, and if it 

(1) Has steep inward facing w'alla which are rough and irregular 
and have no scratches or grooves, or, if exhibiting such marks 
of abrasion, have them trending up and down, the basin may be 
a volcanic crater ( 266 ), or a caldera ( 266 ), and the surrounding 
rock is probably lava.* 

( 2 ) Has walls which are steep in some places and of gentler decliv- 
ity in others, showing marks of abrasion which trend, for 
the most part, along the vralls and parallel to the length of the 
basin, the latter is probably an ice-scoured basin ( 268 ). 

€. Having a depth generally equal to, or greater than, its horizontal 
dimensions, and if it 

^Sc»metiinett this fact is (»hscurc because the bedrock is more or less 
<*qyiered by surface debris. • 

may have intcTCalaied beds of volcanic ash, etc. 
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(1) Has smooth, ofton polished, rock walls which may bear 
irregular cinMunfcrential grooves, the basin may be a large pot- 
hole (36). 

(2) Has walls which arc rough or, if somewhat smooth, have 
vertical channels due to solution (36), and is in limestone, the 
basin may he the upper end c»f a sink hole (269). 

2. Is entirely rimmed by unconsolidated materials, and 

а. Is situatcul at the crest of a conical hill w'hich consists of volcanic 

ash, etc., the basin is probably a volcanic crater. 

б. Is situatc!d in an irregular hummocky land area which is 

(1) Underlain by glacial till, the basin is probably a kettle hole in a 
moraine (267). 

(2) Underlain by rather poorly stratified gravel and coarse sand 
with subangular pebbles predominating, the basin is probably 
a kettle hole associated with kames and eskers (267). 

(3) Underlain by fine, cross-bedded, wind-blown sand, the basin 
is probably a ^^blow-out” (268), or less probably a conafrue- 
tional depression, between sand dunes (267). 

c. Is situated on a nearly fiat plain, which Is 

(1) Underlain by well-bedded, often cross-bedded sands, not 
infrequently overlain by gravel, the basin is pnibably a kettle 
hole in a glacial delta plain or a frontal apron (267). 

(2) Underlain by gravel, sand, or mud, the biisin being crescentic 
in form and associated with a meandering stream, the basin is 
probably a deserted meander (267). 

Key for the Identification of Valleys 

The land surface has the form of a valley. If 
A. The valley has rock walls,* and 

1. Its floor bears ciyidence of glacial abrasion, with more or less glacial 
deposition, and its cross section is U-shaped, the valley is probably of 
glacial origin (270, G, H). 

2. Its floor bears no evidence of glacial erosion or deposition, and it is 
o. Definitely related to, or controlled by, the underlying rock struc- 
ture, in this respect, that 

(1) The valley crosses or intersects a ridge across its trend, 

(a) The ridge being a cuesta, the valley is a transverse valley 
and is probably consequent” in the sense that its stream 
originally flowed down the constructional surface of the 
dipping beds. 

* This fact is not always clear at once, for the bedrock may be more or less 
concealed by surface debris. 
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(6) The ridRC Ixmhk a hogback or a similar exiwsed edge of a 
steeply dipping stratum or other layer, the valley may be 
some variety of gap (264, 270, E). 

(2) The valley trends along the course of one or more of a series of 
parallel rock layers, it is a longitudinal valley and may be 

(a) Due to eorrasion, particularly if the underlying rock is not 
markedly soluble, or 

(5) Due t/O solution, if the underlying rock is soluble, e.g.j 
limestone (270, D). 

(3) The valley is situated above a fault (single or multiple), this 
valley may be a rift (264) or a fault-line valley (270, B). 

(4) The valley is bounded on one side by a fault scarp or a fault- 
line scarp, this may be a fault valley (264), or a fault-line valley 
(270, B), respectively. 

(6) The valley is hounded on both sides by fault scarps or by 
fault-line scarps, this valley may be situated upon a graben, or 
upon a horst of which the relief has been reversed by erosion 

(204). 

b. Not definitely related to, or controlled by, the underlying rock 
structure, it is probably a river valley in a region of complex geo- 
logic structure or in a region of horizontal strata. 

B, The valley lies between a rock w'all on one side and a wall of unconsoli- 
dated materials on the other side, this valley is probably a result of con- 
struction, and the unconsolidated materials may belong to a moraine 
(267, E), an cskor (277, C), etc. 

C. TIks valley has walls of unconsolidated materials, and 

1. Lies between two typical constructional deposits (two moraines, two 
eskers, an esker and a drumlin, etc., etc.), the valley is of construc- 
tional origin (267). 

2. Interrupts the continuity of an otherwise essentially flat surface, the 
valley may be a stream channel 

a. Associated with the upbuilding of the deposit (channels on alluvial 
cones, deltas, etc., and cit^ases; refer to 267). 

b. Of purely destnictional origin (270, F), (rainwash gullies, 
etc.). 

264. Fault Valleys and Basins. — In faulting the blocks may be 
toted in such a way that a depression lies at the base of the 
fault scarp (Fig. 265), or a block may slip down between two 
opposing fault scarps (Fig. 31 5, A), or a block may.be left between 
two other bloolks that have bmn uplifted, ^metimes long, 
.l|l)alHVtiy narrow depressioi^ or rifls are formed fOong lines of 
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multiple fracture (Figs. 291, 292). The San Andreas rift* in 
California, along which diffeivntial horizontal movement occurred 


in the eartihquakc of 1906, Is “a trough coin- 
ciding in general trend with the Coast 
Ranges, but crossing various mountain ridges 
obliquely, or even following their crests. In 
dcitail it comprises many small ridges and 
hollows, approximately parallel but otherwise 
irregularly dispos(‘d, and evhhmtly caused 
by splintery dislocation. Streams zigzag 
more or less about the ridges, and the 
hollows contain many small ponds and 
marshes.”* This rift is traceable for several 
hundred miles. On this subject, refer also to 
Art. 204. 

Another possible phase of fault valley is lh(* 
fault gap, a depression between the offset 
ends of a ridge developed on a resistant rock 
layer that has been displaced by a trans- 
verse fault (Fig. 2931. Fault4ine gaps are 



more common than fault gaps (270, E). 

In volcanic regions roughly circular or 
oval depressions, called volcanic sinks, may 
be formed by broad-scale downfaulting of the 
land surrounding an old vent. The settling 
may be caused by subterranean removal of 
lava w^hich had served as a support. These 
sinks are bounded by steep fault scarps 
upon which slickensides or other evidences 
may sometimes be found, indicating the direc- 


M/LfS 

Fio. 291. — DrainMe 
map of the Bolinaii» 
Toniales valley. Cal. 
Heavy broken linen, 
crests of bounding ridges; 
light broken lines, limits 
of rift topography; T. 
Tomales Bay; O. Olema 
Creek; P, Pine Gulch 
Creffk; B, Holinae La* 
goon. (After the C^ali- 
fornia State Earthquake 
Inve*f.igaiion Commis- 
si cm.) 


tion of the slipping (36, 188). The floor of a volcanic sink is of 
much larger area than the cross section of any associated vent. 


' In this usage the word rift seems to include both the depression due to 
faulting and the fault or faults, but it does not imply the kind of displaee- 
ment. Sea P- 311. 

• Bibliog., Gilbert, G. K., 1909, p. 48. 
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tia. 202.***Profile section of Bolinas-TomaleB valley. Vertical and horiaontal scales 
Me equal. RR^ limits of rift; /*, valley of Pine Gulch Creek, running SE.; O, valley of Olema 
Creek, running NW, (After the California State Earthquake Investigation Commission.) 


A 


iio. 20S. Diagram of ii fault gap, g, caused here by horizontal movement on a vertieal 
fault, / , w’itli consequent displacement of the ridge of hard rock, h. 



Pig. 224. — 'Dunes and dune hollows. Contour interval, 20 ft. (Lakin sheet, Kan.) 




^ • glaciated valley with lateral moridAes (stippled), ^alus (Mack) 
r aaaaU valleys' between the moralnee and the bedrock (verlio^ lining}. 
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266« Basins Caused by Tilting and Warping. — Some basints, 
usually of large siao, have resulted from tilting or warping of a 
topography that may be flat or irregular. In this manner, 
through diastrophic agencies, sags may be produced in a previ- 
ously even land surface, or low ridges may be uparched across 
original drainage courses. 

266. Volcanic Basins . — By volcanic outbursts craters are 
formed, either as holes in more or less level ground (pit craters), 
or as cup-shaped depressions on the summits of volcanic peaks. 
The floor of such a crater is of the same size as the cross section 
of the vent through which the explosions occurred. Explosion- 
made depressions of considerably larger size than the accompany- 



Fig. 207. — Charaoterintic terminal moraine topography. (Paiwaic Folio, N. J.-N. Y., No. 
Ifl7, U. S. a. 0., lOOS.) 


ing aaaociated volcanic vents are called caMeras (sing., caldera) 
(Cf. volcanic sink, Art. 264). Lakes may gather in the craters 
of extinct volcanoes. 

267. Constructional Valleys and Basins. — When deposition by 
wind, water, ice, or vulcanism is irregular, or when natural bar- 
riers are thrown up across valleys, constructional valleys and 
basins may result. Basins, some constructional and some 
destructional, are typical elements in the topography of dune 
areas (Fig. 294). Valleys may be formed between parallel 
morainal ridges of mountain glaciers, or between the lateral 
moraines (277, B) and the adjacent valley walls (Fig. 295). They 
may be formed also between parallel ridges deposited by a conti- 


nmit^ ice sheet. Terminal moraines especially are characterized 
J}y,,(|iaomeroas hollows of all sizes and shapes (Figs. ^196, 297). 
ragged edge of the melted ice sheet, outwaah sands and 
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Fia. 209 , — Section eho^iiiK a 
block of ice (a) covered by aquco- 
elacial deposits, and a kettle hole, 
d, formed by the inelting of a siinilar 
buried ice block. Under the kettle 
hole Ntructiireless sands, c, occupy 
the space of the melted ice, (After 
M. L. Fuller.) 


gravels (kames, eskers, sand jdains, etc. (277)) may be spread 
round and even over detached ice 
blocks, which, by subseciuent 

molting, leave depressions (kettle k.<7 298 .-scctio.. ,ho*i,.g . „f 
holes, ice-block hoh's) to mark surrounded by aqucoRlacinl 

• -j. dcpoHiis, and a kettle hole, b, roHtilUliR 

their sites (rigs. 298, 299), When from the mcltinK of a simiJar projecting 
such kettle holes are in outwash (After M. l. Fuller.) 

plains (260, C), dry channels or creanes may sometimes l>e 
seen to extend out from them, channels by which water was con- 
ducted away from the melting ice 
block. If the wash deposit did cover 
the ice, molting caused the materials 

Fio. 2(>9. — Section shoeing a , i ’ , , 

block of ice (a) covered by aquco- to Sag and SO morc or Icss dcstrov 

thoir intomal structure. The sides 

buried ice block. Under the kettle of th(^ rCSultillg kettle holo lliaV haVe 
hole Ntructiirelefte sands, c, occupy . i. • t o * i a 

the space of the melted ice, (After ally inclination between 0 and 30 
M. L. Puller.) ggo (jungle of repose), according to 

how much sagging there was, and there can be no accompanying 
drainage creases on a surrounding outwash plain. If a kettle 
hole has a notably flat, even floor, 

it has probably been alluviat^^d. llTTfTn TriT-r^ 

Barrier basins are produced by 
natural damming. Landslide d^- IIIIHI III lllllllllll I 
bris, or mudflow debris (both typ(‘S 
of rapid mass movement), may 
choke up a narrow valley for a while 
and a lake may be formed uji- TTlTft 

stream from it. Many of the lakes 
in glaciated countries lie in hollows IIJ HJ JIII I I 
behind morainic barriers (Fig. 300, ® 

A). Ice itself has sometimes 

served as a temporarv dam, par- retojnea by mormipo dam; b, tak^ h«id 

^ in rock basin. 

ticulariy in the valleys of north- 
ward-flowing streams. Two Ijends of a meandering stream some- 
times meet, and the stream, -breaking throng the narrow neck, 
adopts the shorter course. The deserted meander, at leng^ 


P'lo. 300. — Section to illuatrate the 
nature of glacial lake baaina. A, lake 
retained by moraine dam; B, take held 
in rock baain. 
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Hilted up at its cut-oflF **nds, become'^ au oxbow lake (Fig. 301). 
When a wide stream brings down more detritus than the main 
stream can handli^, the latter may be ponded upstream from the 
(*onflu<Miee; and, tncf vprsa, if a rivc*r earries an excess of load, it 
may aggrade its b(*d and impound the lower reach(\s of its 



Fla. 301. — An ovbow lake m the site of a deserted menuder of the White River, Indiana. 
Contoui interval, 20 ft. (Pnnreton sheet, lnd,-lll.) 

branches just above its confluence with them. (Under what 
topographic conditions might those events occur?) Another 
type of barrier basin may be made by a sheet of lava which 
bloekB a main Valley, or, by moving down a main valley, dams 
jtp the side valleys. Barrier basins include lagoons (283) and 
liays jwhich have been closed in by bay-mouth bars (868). 
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268. Destructional Basins. — Basins of destructional origin 
are comparatively rare. Some are made by ice, some by wind, 
and some by unequal weathering. In glaciated districts these 
rock basins arc not infrequently occupied by lakes w^hich may 
be very deep (Fig. 300, B). The process by which they are 
gouged out by the ice is often calletl overdeepening. On thc'ir 
rocky rims are unmistakable signs of their glacial origin, in 
striie, grooves, and numerous knobs or roches moutonn^es 
(278, E). Wind-scMured boMnSy i.c., basins maintained or devel- 
oped by deflation of the finer rock waste, arc shallow^, but they 
may cover large areas, sometimes many square miles in extent. 
They arc characteristi(‘, of deserts. At irregular intervals their 
lower central parts may become the sites of broad, shallow sheets 
of water called playa lakes, which (juickly gather and almost as 
quickly evaporate, leaving mud flats, or playas, to mark their 
sites (260, F). Destructional hollows carved out by wind in 
dune areas are called blow-outs. Their sides are often steep anil 
intersect the bedding of the adjacent dunes. Shallow basins are 
sometimes produced by unequal weathering (chiefly decomposi- 
tion) in uniform rocks or by differential weathering in rocks of 
varying resistance where the surface of the ground is too level for 
thorough drainage. Moisture, collecting in the hollows, main- 
tains a luxuriant vegetation and, with the help of soil acids, brings 
about the decay of the underlying rock. Such basins may 
broaden more rapidly than they can deepen, for decomposition is 
greatly retarded by increase of depth. 

269. Destructional Sinks. — The word sink is applied to vertical 
holes in the ground, which lead downward into subterranean 
passages and chambers that have be^en formed by the solution 
of a soluble rock. It should not be confused with the volcanic 
sink (264), which is of diastrophic origin. Sinks are generally 
limited to countries where limestone underlies the soil and the 
climate is humid (Fig. 302). They are of two kinds: some are 
produced by the caving in of the roofs of subterranean chamimrs, 
and others arc channels which wen^ opened up along joints and 
which have been enlarged through solution by descending surface 
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waierR. The cave-in type of sink reveals signs of fracture on 
the edges of the hole, generally increases in diameter downward 



JWi£3 

FlO. 302. — Sink holes in limestone. The depresflionM are situated on the NE.-SW. diagonal 
of the map. Contour interval^ 100 tt. (Bristol quadrangle, Va.) 

from the surfaee, and contains shattered debris of the roof rock 
on the cave floor beneath the opening (Fig. 303, A). On the 



A B 

Fiq. 303.--^otioiia ol sink holes. In A the roof haii fallen in; in B the upper opening has 
been made entirely by Solution. 


otiier band, spl^Uon sinks often flare, funnel-like, at the surface, 
'■0A the edges and walls of the hole bear marks of corrosion, not 
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By gradual lateral solution of the upper layer, or layers, a sink 
may expand into a hroad, slmllow, nearly circular depression. 
A land surface that consists of many sinks, with irregular divides 
between them, is called a karst topography. 



Fia. 304. — Sect. on of n valley due largcdy to the disitiiefcitition of the weaker roekn which 
are principally en dstonee und ehalee. Hoie granite, a, and the ntusmve Highorii limeetone. 
cd, form the uplai tie. The section ie loughly 1,500 ft. long. ((Uuud IVak-Kort McKinney 
Folio, Wyoming, No. 142, U. S, G. S., 1900.) 

270. Destructional Valleys. A. In General. — Valleys caiwcd 
by erosion differ very greatly in respect to size, shape, and jiat- 
i(‘rn. In size thf3y grade down into grooves (g,v.). Their shape 
may be considf^red in terms of their profile sections, their longi- 
tudinal sections, and their plan. These characters depend 
upon a number of factors, the most important of which are the 
agent of erosion, the nature of the material or rock eroded, and 
the stage of erosion (280). 



SM/tes 

Fia. 305. — Section across the Appalachian Mts. in Virginia. The principal valleys are 
situated on liinestune. The ridges are on saTKlstone and quartsite. a, Shemandoah lime- 
stone; 6, Martinsburg shale; e, Juniata formation; d, Tuscarora guarUite; e, Lewristown 
limestone; /, Monterey sandstone, (Monterey Folio, Va.-W. Va., No. 61, U. S. G. S., 1890.) 

B. Valleys of Differential Erosion; Contact Valleys. — 

Where rocks differ in their resistance to erosion, the weaker 
ones become the sites of valleys and lowlands, while the stronger 
ones remain as uplands. It may be that the difference in resist- 
ance is merely mechanical, the weaker ones perhaps being softer 
or more closely jennted, or the weaker rock may be more soluble 
or otherjnse more easily decomposable than the hill-maker 
(Figs. 304, 305). Valleys are often opened up almag the outcrop- 
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ping edges of such surfaces of weakn(‘s.s as igneous contact^^, 
upturned unconformities, conformal)le bedding contacts, and 
faults (Fig. 306) (see 171, 204). These may be called contact 
erosion valleys, and those on fault lines are further defined as 



Fio. 300. — Gooloffic BPction illUBiratiiiff valleya mtuatc^d upon contacts an follows: a. 
intrusivo contact; b, unconformity; e, conformable hedclins contact; d, fault. Note that the 
contact localises the valley, but often because resistant and weak rocks are there in juxta- 
position. 

fauUr-line valleys. The fault-line gap is a special vari(‘ty of fault- 
line valley. 

C. V-shaped Valleys. — Gully, gorge, ravine, and canyon, 

are all general names applied to destructional valleys with com- 
parativel,v stec^p sides. Those which are stream-made are 
characterized by two important features: they are V-shaped in 



Fio. 307. — A rim volley showing overlapping spurs. The line at the top of the vertical 
ruling is a profile line, the ruling being a section of the ground. 

cross section, and their plan is more or less sinuous or zigzag, 
so that a person standing near the stream and looking along the 
valley cannot see far because of overlapping upland spurs (Fig. 
3(17). The breadth or an{^e of the V is largely dependent upon 
,vthe stage of eroson (SOO). In young valleys it is narrow and 
9^iai^ydeep. In valleys which are said to be in early maturity 
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it is broader, and it opens wider and wider and becomes more and 
jnore shallow as maturity advances to old age. 

D. Solution Valleys. — The V-shaped types of valley 

just described are due to corrasion. In moist climates soluble 
rocks, like limestone, may wear chemically with greater facility 
than they wear mechanically. The resulting solution valleys an\ 
often broadly U-shaped in cross section, and their trend parallels 
the outcrop of the soluble rock. There is the possibility that 
these valleys may be confused at first glance with those of glacial 
origin; but, in general, solution valleys are seen only south of 



Pio. 308. — The Delaware Water Gap, from Jenny Jump Mt. The hish ridgp in thf* 
background, interrupted by the gap, in Kit^tinny Mt. Its top marks the level of an ancirni 
uplifted peneplain. (After W. M. Davis.) 


the limits of continental glaciation. Within the glaciated area 
examples may be found of valleys started by solution, but sub- 
sequently deepened by ice abrasion. 

E. Destructional Gaps. — A short valley which opens 

across a ridge and connects lowlands on opposite sides of the 
ridge is termed a gap. The fault gap has already been described 
and figured ( 264 ). 

Under certain conditions a river may he. forced to incise its 
course as a narrow gorge in a hard rock ridge while it opens out 
a broad lowland in the less resistant rocks on each side. This 
gorge is called a vxUer gap as long as the stream flows through 
it (Fig. 308); but if, for any re^tson, the water is diverted, the 
original water gap becomes a wind gap, A gap, whether or not 
containing a stream, is called a fauUdine gap provided it is due 
primarily *to erosion and is looted along the line of Outcrop of a 
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dip fault or a diagonal fault that intersects the ridge-making 
rock layer (Fig. 309). 

F, Valleys and Channels without Streams. — Two cases 

have already been noted of channels which have been abandoned 
by the streams t,hat made tiiem. These are the wind gap (E) 

Further comment on them is 
unnecessary; but there are sev- 
eral other types of channel, 
gorge, or valley, which are tem- 
porarily or permanently with- 
out streams. 

By differential weathering 
steeply inclined dikes and strata 
rna}^ be eroded so much faster 
than the rocks on each side that 
clefts and even considerable 
valleys may be produced. 
(.)ften there is no stream in 
these depressions. The rock 
waste is removed by rainwash 
nr^ in dry countries, by the 
wind. 

In deserts dry channels or 
arroyosj some of them many 
feet deep, are normal features in 
the landscape. Occasionally these arroyos are filled by roaring 
torrents which are supplied by cloudbursts in adjoining moun- 
tains, but the water runs usually for only a short time because it 
soon sinks into the ground or is evaporated. The typical arroyo 
has a flat floor and almost, if not qxiite, vertical walls, for the 
effects of the excessive erosion performed by the torrents an? 
scarcely modified in the intervals between successive floods. 

Alluvial fans in dr>' regions are built intermittently. The 
streams pasw into the loose sand or gravel far up on the deposit 
:md abandon their lower channels except at times of heavy rain- 
m in the mountains. Shallow depressions are common on allu- 

i I . 


and the glacial crease (267). 



Fio. 309. — Origin of a fault-line Kar>. 
A, a legion after faulting mid before ero- 
eioii; B, the same region after erosion to a 
plain at the level oo; C, the same region 
after revival of erosion and removal of the 
weak rocks to the level 66. The fault-line 
gap is at r in C. Hard rocks ore black. 
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vial plains where the streams, in their meandering, have deserU^d 
their former courses. ' 

Above the level of saline lakes, in relatively low places in the 
rims about their basins, abandoned outlets may exist by which 
the lake waters once drained out. More common, however, are 
the abandoned channels in lands whi(?h have been under the* 
influence of continental glaciation, channels which served for 
a while as main drainage lines for the glacial waters (Fig. 310). 



lUlLt 


Fia. 310. — An abandoned Btream channel, formerly an outlet of a glacial lake. The 
Syracuse and Binghamton Divihion of the railroad follows the channel. Contour interval, 
20 ft. (Syracuse nheet, N. Y.) 

They were made where the lower, older valleys \rere blocked 
by ice or moraine and the water was forced to follow now routes. 
They often start at the level of abandoned shore lines, showing 
that they w*ere the outlets of temporary lakes. Some of these 
gorges were subsequently buried under later drift, but those that 
were not so filled display many of the normal characters of 
destructional stream courses, except that they are often out of 
harmony with the present drainage systems. 

G. Glaciated Valleys, — Glaciated valleys have been 

scoured either by mountain glaciers or by ice sheets. In both 
caaes it is probable that many of the valleys were formerly 
made by streams and were then modified by ice. The glaciated 
valleys of mountain districts are characterised by several or all of 
the following features: (1) the tmiisverse profile Is UHihaped,, not 
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V-shapcd as in a majority of stream valleys; (2) the valley is 
straight or broadly curving, without overlapping spurs; (3) 
its rock walls are steep (oversteepciied stream-valley walls) 
and are more or less polished, striated, and grooved by ice abra- 
sion; (4) the ice-scoured walls sometimes terminate upward in 
an obtuse angle or shoulder above which the mountain slope is 
less steep; (5) the valley’s longitudinal profile is broadly steplike, 
the treads being of gentle grade and sometimes holding lakes 
in rock-rimmed or moraine-dammed basins, and the risers being 



Kxo. 311. — Longiiudiiittl profile* flection of h i^lacial valley in the Sierra Nevada, Cal. 
ab, cirque wall; c, d, ef, lakee; gh, tread; /it, rifler;>lr, head of alluvial cone at foot of niountaiiiH. 
'file vertical ecale is twice the horizontal scale. 

«teop, ice-pluckcd cliffs, somolimes well nigh impassable (Fig. 
311); (6) the rock floor of the valley bears evidence of powerful 
ice abrasion in polish, strise, grooves, etc., and is often irregular 
with roches moutonn^s; (7) ground moraine and recessional 
moraines (277, E) rest on the valley floor, and lateral moraines 
are plastered up against the valley sides; (8) tributary valleys 
usually enter at levels considerably above the main valley floor 
(271). 

Valleys overrun by ice sheets do not possess so many dis- 
tinguishing marks of their origin. Their profile is U-shaped 
if Utey happened to trend about parallel to the ice motion, but 
those which lay athwart this direction often suffered plucking 
(and therefore steepening) on tiie side toward the source of the 
tee fMid abrasion (hence reduction of slope) on the other side 
«.(Mg;,;dl2). Although ah ice dieet tends to straighten original 
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valleys parallel to its advance, although it polishes, striat.es, 
and grooves their floors and walls, and here and then* scours 
out rock basins or forms roehos moutoim6(*s, it does not have a 
special propensity to oversteepcm th<‘se walls, or to i)rodu<M» 
shoulders, or to erode giant steps. There are no true lateral 
moraines. In fact, the distribution of morainic mat (‘rial shows 
regional rather than local control. Out wash sc^dinnuits v(‘ry 
often cover the bedrock floors of thes(i vall(»ys, sometirrK's l,o 
considerable depths. 

Glaciated valleys may lose their distinctive* marks so that tht*n* 
may be some trouble in distinguishing them from solution valleys 



Fio. 312. — Trannverse profile of a vallej' overnin by an ii'p nheet in the dirocticn of the 
arrow, abed, profile of valley before i<;e eroeion. 

on the one hand, and from certain mature stn^am valleys on the 
other hand. For instance, w(^ath(jring may remove striie and 
other tokens of glacial abrasion, and, in mountain valleys, talus 
accumulations may obscure the U-profile or conceal morainif^ 
deposits. As with solution valleys, so too with U-shaped mature) 
stream valleys, they are not found in areas which have suffenul 
continental glaciation because there has not been time enough 
for their development since the ice retired. All such original 
valleys in the glaciated area were modified by the ice. 

H. Cirques and Drift Hollows. — At its licad the valley 

made by a mountain glacier normally opens out into a broad 
half-amphitheater bounded by steep precipices on all sides except 
at the junction with the valley. This is a drqiu^. Its floor 
resembles the floor of the associated valley in bearing evidences 
of very powerful ice abrasion, but its walls, unlike those of the 
valley, are generally free from marks of scour. They are cliffs 
made by sapping ( 260 ). They are bounded by joint faccss. 

The (‘ttiiicMf phase of the cirque is to be seen in the small drift 
hollow on a hillside. During the day the snow melts. At night 
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the water freezes in the interstices of the underlying rock and 
wedges off a few small chips. The next day these chips are 
washed away dow'n th(^ slope. Thus, as the process (called 
nivation) is jvp(^atcMl from day to day, tin* snowdrift comes to 
rest in a hollow' of its own making. When the drift hollow grows 
larger it })ecomes a small cirqiu' and the deeper snow' changes to 
n6v^.. 

Landslide scars (250, G) may partially rescmibh^ glacial cirques, 
especially wdiere well (level opt^d by repeated slides from the same 



Fia. 313. — View of a glacial hanging valley on th*» «oii»h niHe of Vunatak Fiord, Alaska. 
(From a photograph, after K. S. Tarr and B. S. Butler.) 

place on the mountain side and also where the bedrock is rela- 
tively soft and therefore not likely to preserve for long the marks 
of glacial abrasion. 


Hanging Valleys 

271. Definition and Classification. — A hanging valley may 
be defined as a valley whose floor ^*is not in even adjustment 
with the bottom of the lower depression with which it unites.”^ 
Between it and this lower depression — valley or basin as the 
case may be— there is a steep, generally precipitous slope over 
which the stream of the hanging valley plunges. (1) A majority 
of han^g viilleys owe their origin to glaciation (Fig. 313). 
Thiif is because a trunk glacier cuts its bt^d to a lower^hwel than 
^ iWhliog., Rubssll, I, C., p, 7CL 
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do its tributary glaciers, and when the ice disappears the trib- 
utary valleys are left hanging above the main valley. In like 
manner circpu^s may be hanging. However, there are methods 
other than ice erosion, by which valleys may be made to hang. 
(2) If waves wear back a coast line more rapidly than the inflow- 
ing rivers can cut down their channels, the latter become hanging 
with respect to sea level (Fig. 314). (3) A river may erode faster 

than its side streams so that their valleys are made to hang with 
respect to the main valley. (4) Finally, if a fault crosses a 



Fia. 314, — A hanging valley resulting from ropiil wavp eroiiion. 

valley, the part of the valley in the upthrown block may be hang- 
ing above the lowland of the down thrown block, provided th(s 
displacement was more rapid than the stream (‘rosion. From the 
foregoing it is clear that any kind of a valley may bcKJome hanging 
under the proper conditions. 

Caves and Natural Bridges 

272. Caves. — Caverns in lava, which result from the very 
irregular way in which viscous lava moves, may be classed as 
volcanic. Most caves are destructional. Among these, the 
largest are formed by solution of limestone whcrc^ the water table 
(224) is low and the products of solution are carried away in 
underground streams. The Mammoth Cave^ of Kentucky and 
the Carlsbad Cavern of New Mexico are well known examples. 

In regions of horizontal strata weathering may locally gnaw 
back the weak rock underlying a cliff-maker and thus produce 
broad, shallow caves. Of somewhat similar nature are undercut^ 
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<*nv(»H foniHMl 111 lh(* huso of an al>ra'-ion c lifT, wlioro winds, stream 
eurrenls, or waves, d^‘liv(‘r their most effieient attack . Such 
(*av(*s lire ('specially liable* to oeenir in weak roeks or along joints or 
faults that invite eone(»nt rated erosion. 

273. Natural Bridges. Natural bridges may be found in 
in*(*gular lava shecds. The majority, liki* rov(‘s, are destruetional 
products of denudation, and as such th(*y are mer(*ly a later stage 
of cave erosion. "Phew are* re*mnants e)f cave roofs of which the 
main portiem has fallen in or has b(*en ere)ele*d away. Conse'- 
epie'ntly, th<*y may result from sedution or from abrasion. Some 
are (»ut by winel and some by water. In re'gions of flat-lying 
strata, the unelere'ut se)ft re)ck on e)pi)osite sieles of a eliviele may 
at last be remove*el, le'nving the hard capping layer to span tlm 
ope*ning. 

Hills, Bidoes, vnd Other Positive Land Forms 

274. Terminology and Identification. - According to the defini- 
tiem previe)usly given (246), ])ositive land forms incluele hills, 
ridge^s, jiinnacle's, anel any oth(*r redi(*f forms which project upwarel 
and are surrouneleMl on all siele*s by lower land.^ Following is 
a ke*y to aid in th(»ir ielentification: 

KkY for ^]IIK IdKMIFK’ vriON OF Po'sITIVB L\nd Form.s 
If the* liuid Hiirface* has th<* form of 

A. An isolated knoll or lull, not rniieli longer than wide, and, in ge^neral, 

1 With ith height le^HH than its ground plan dimesnsions, and 

a. The underlying roek materials are unconsolidated, consisting of 

(1) Vedcanic ash, scorue, bombs, etc. (sonietiineb associated with 
flows), \vitli their bedding parallel to the slopes of the hill, the 
latter is probably a volcanic cone (276). 

(2) Glacial till (66), the lull is probably a dniinlin, if it is mon* or 
less oval in ground plan and (usually) has its length yearly 
parallel to the glacial stri® on bedrock m the vicinity (277, B). 

h. The underlying rock materials are consolidated, and consist of 

( U A particular roek association composed of 

(a' Tjava in flows (sometimes interbedded with volcanic aah, 
etc ). the flows being parallel to the surface of the hill, the 
latter is probably a volcanic cone (277). « 

l^ands are not treated here as a separate class. 
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(6) Flat^lj'ing strata, the hill is 

(ai) A mesa if its top is flat (278, 

(hi) A butte if its top is peaked (278, B). 

(c) Igneous rock which has the shape of a neck, cutting across 
the rocks of the surrounding region, the hill is probably a 
volcanic butte (278, B). 

(2) Not necessarily a particular rock association, and if 

(a) The rock knob or hill is more or less well rounded and 
(aO Has glacial scratches and grooves on its surface, the 
knob or hill is probably a roche Tuoiitonn^H' (278, E). 
(fei) Has no glacial scratches or grooves, but shows evi- 
dence of the sf'paration of spalls or slabs from its 
surface and is more or leas surrounded at its foot by 
talus of these spalls, the hill is probabl> an exfolia- 
tion dome (278, D). 

(h) The knob is usually rugged, and is surrounded by a wave- 
cut cliff and bench, it is probably a stack (278, F). 

2. With its height often several times greater than its ground plan 
dimensions, the elevation may be a stack (278, F), a rain pillar (278, 
G) or any sharp, pinnacle-line remnant of erosion (278, H)* 

H. A definite ridge, usually many times longer than wide, and either con- 
tinuous or broken by transverse valleys, and if 

1. The underlying rock materials are unconsolidated, consisting of 

a. Loose bowlders w»th no, or little, intervening finer di'^bris, the ridge 
may be a bowlder belt (277, E), or a winter talus ridge (277, G), or 
a wave-built terrace (265). 

h. Glatnal till, the hill is probably a moraine of one kind or another 

(277, E), 

c. Rather poorly stratified sand and gravel, many of the pcd>bleH and 
bowlders being subangular, the ridge may be an esker (277, C) 
especially if it is associated with karacs and kettle holes (277, D). 

2. The underlying rock materials are consolidated, consisting of inclinofl 
strata which dip nearly parallel to the land surface on one side of the 
ridge, but are truncated by the other side of the ridge, the latter may 
be a cuesta or a hogback (278, C). 

C. A group of hummocks and hollows, generally with a relief of 150 ft, or less 
and the underlying materials, which are unconsolidated, arc 

1. Fine, cross-bedded sands, the hummocks may be dunes (277, A). 

2. Coarse sand and gravel, ntdely stratified, the hummocks may be 
kames and the hollows kettle holes (277, D). 

3. Unstratified, Iieterogeneous ddbris, the deposit as a whole may be of 
glacial till, or it may have been produced by landslide, earth flow, 
mudflfiw, or rock glacier (27T, B, Ej F). 
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D. A range of hills or mountains, with intervening valleys, the hills arc the 
interstream divides left in the process of erosion of the valleys which have 
f)een incised into a -broad upfaulU^d or uparched land mass. 

276. Fault Mountains. — Block mountains are ridges due to 
faulting. Ordinarily one slope is gentle (back slope) and the 
other is steep, the latter being a fault scarp (248). Since the 
uplift of a block mountain is generally slow and erosive agents 
are constantly working, the ridge is seldom seen as an unbroken 
unit. It is usually dissected by valleys, and, when very old, 



Fig. 315.^GeotoKic Hection of Marysvilte ButtcH, a Ri-oup of hills resulting from the 
denudation of a volcanic cone, a, alluvium resting on volcanic tuffs, b; e. Tertiary sedi- 
mentary rocks; bdb, hypothetical original profile of volcano. (Marysville Folio, Cal., No. 
17, U. S. G. 3.. 1896.) 


it becomes a low range of hills (Fig. 265). The same remark 
applies to the horst (204). 

276. Volcanic Cones. — A volcanic^ peak consists principally of 
volcanic materials — lava, or ash and other fragmontals, or 
lava and fragmentals interbedded Typically it is conical in 
form, often quite symmetrical, and if sufficiently recent, it 
may have a crater at its summit. Its slopes may vary between 
2® or 3® and 40® (246). Denudation may eventually destroy the 
crater and reduce the original elevation of the peak (Fig. 315). 

277. Constructional Hills and Ridges.— Constructional hills 
and ridges built of materials derived through erosion include 
dunes, drumlins, kames, eskers, several types of moraine, land- 
slide hummocks, and winter talus ridges. 

A. In arid regions, along the shores of seas and lakes and 

along or near the courses of streams that vary greatly in volume, 
dunes may be constructed if there is an abundant supply of sand 
and if winds are prevailingly strong and from certain definite 
directions (oni^ore in case of seas and lakes). Sand dunes vary 
greatly in diape, probably depending upon the relations betwe^en 
:^wind strength, wind direction, and available supply of *sand. In 
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Fig. 316 arc shown several typos of dune in horizontal plan. 
Some are crescentic^ (Fig. 316, A) with the horns opening mill 
the wind (called barchans). Others are roughly crescentic or 
parabolic, but with the convex curv’c of the dune facing ivith 
the wind (Fig. 316 B). Others are almost sprawling, with 



hngerlike lobes extendin g ^ leeward, and with irregular windward 
edges (Fig. 316, C). Some are ridgelike, elongate across the 
course of the wind, and these may have fingerlike lobes to leeward 
(Fig. 316, D). .^d, finally, some are long, subfwrallel, and 
elongate with the prevailing wind direction (Fig. 316, E). 

Sand dun^ are usuidly in groups. Their heif^to are comnumly 
between afew mid 200 or 300 ft., though tiiey may be eoiuidetably 
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liifjClX'i*. 3’ho windward h1o[h; Is gnntln and th(^ loo slope is 
Ht(H‘por, with an angle of from 25 to 35*^ (Fig. 317). Sand is 
blown up th(* gentle sIojk? and is dropped over the crest, whence 
it slides down the \o,v sIojk^. 

In ar(^as where* (?lays ai*(^ broadly exposed (tidal flats, playas, 
c*tc.) and wlu'ie, aft in- ocinisional moistening, they then undergi^ 
a period of dc'siccation, their upper layers may crack and curl, 
and strong winds may swiH'p away chips and pellets of the clay 
(Art. 94), piling tliesi’i up in dunes where further progress is 
impeded. This may be within the clay-belt area, or at or near 
its lee margin. During the next rain, the particles soften and 
coalesce, and, in the ensuing dry spell, the clay hardens and so 
tends to build up compact mounds.^ 


b- 



Fio. 317. — ProAlo (lection of a duno taken in the direction of the wind (rco arrow), a, 6, 
and c correHpoiid to tlie name letters in Fig. 316. 

Sand dunes and clay dunes may be grassed over and covered 
with vegetation to such an extent that their identity is very 
obscure. Examinations should then be made for their internal 
structure (84, G). 

B. Drumlins^ arc hills consisting of glacial bowlder clay 

(till). At the time of Pleistocene continental glaciation, they 
were formed under the ice w hile it was in motion, and so they 
have a trend parallel to its direction of flow. In some regions 
the slope toward the source of the ice is lower than the lee slope 
(Fig. 318), and in other regions it may be steeper (Fig. 319). In 
plan, drumlins are typically oval, although irregularities in 
shape are not uncommon (Fig. 319). Ifew have a relief of more 
than 200 ft. While some were evidently built round projecting 
rock ledges, many have no such rocky cx)re8. In cross sections 
isolated strata may occasionally be seen in the till, and these may 

Bibliog., CoFPBT, Q. N.; Price, W. Armstrong, 193§, p. 226. 

AtDEN, W. 0. 
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I'la. 318. — TiOiiKitudinal (A) and tranevcraf' fH) profilfB of a. drumliu. Tim arrow points 
in th«> direction of ice motion. (After W. C. Aldon.) 



Fid. 319.— Dnmdini in Wisoouin. TIi« ine moved elittle weit ol eemth. ialervaf 

90 ft. O’Fateiloo sheet, Wim.) 
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111* <-onlor(e(l (96). Al tlni time of their formation dnnnlin.s 
an^ thoilglit to hav(^ IxH^n between 5 and 30 mil(‘s north of the 
i(^e front. Aw for their distribution, they are iiiinKuous in many 



o. 320 . — Map of North Antcrica dhowliiR area covered by the Pleistocene ice sheet at its 
maximum extension. (Passaic Folio, N. J.-N. Y., No. 157, V. S. G. S., 1908.) 

states within 100 miles or so north of the southern limit of 
Pleistocene glaciation (Fig. 320). 

C. Bakers are relativelj*' long, narrow, winding ridges of 

mixed sand and gravel. In longitudinal profile their crests are 
seen to be sihuous (Fig. 321, A). They range in height from 10 
or ,15 ft., to 100 ft. or even more. They may crofs valleys or 
Iteod round hills, seldom more than 200 ft. above the yalley floor. 
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Usually they terminate in outwash plains (260, C). Cuttings 
in them show that they consist of somewhat watcrworn, rudely 
stratified materials. The pebbles range up to 18 in. or 2 ft. 
in diameter and arc typically subangular, although sometimes 
pretty well rounded. These esker ridges were laid as stream 
bed deposits in channels in the ice during the retreat of the gla<'ial 
sheet. Their shape, their stnieture, and their reflations to out- 
wash plains, prove that the ice was stagnant when they w^re 
formed. Aft er the supporting i(^e walls melted away , the deposits 
slumped down to the angle of repose for gravel (246) • It is on 



eooFt 

A 



D 

Flo. 321. — Longitudinal ( \) and trantiverae (B) profile neciione of an esker. B is drawn 
on a somewhat larger scale than A. 

account of their rapid accumulation and their later settling that 
their stratification is generally so poor. 

D. Karnes are similar to eskers in composition, structure, 

and origin, but in shape they differ. Instead of being long, 
narrow ridges, they are more or less oval or irregular knolls and 
hummocks. They were deposited in irregular openings in the 
ice. Eskers and kames are associated with kettle holes. 

^E. Ridges and irregular deposits laid down by ice arc 

spoken of as moraines. Some are associated with valley glaciers 
and others with ice sheets. Lateral, medial, terminal, and 
recessional moraines are made by valley glaciers. Lateral 
moraines are built of debris, part of which falls upon the ice as 
talus from the mountain sides, and part of which, having been 
carried for some distance within the ice, is returned to the surface 
by shearing or by surface melting (ablation). the glacier 
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shrinks by excessive melting, it leaves these lateral moraines as 
embankments on either side of the valley. They consist of till 
or of great agglomerations of bowlders (66). They may rise 
above the valley floor to heights of over 1,000 ft. Frequently 
there is a dcisecnt of a few score feet from the crest of the moraine 
to the original vallciy side. A roadvance of the glacier front, 
if of great extent, may destroy the moraines of the earlier advance; 
but if the advancing ice tongue is not so large as the first glacier, 
lateral moraines of the second may be constructed, terrace-like, 
against the inner sides of the older moraines (Fig. 322). On 



322. — Lateral and ground inorainciji df*posited in two Buccessive advanoes of a valley 

glacier. 

account of the tendency of glacier termini to oscillate up and down 
their valleys, this superposition of lateral moraines is not uncom- 
mon, and care must be taken to discriniinale between the minor 
variations of one ice epoch and the much more significant effects 
of distinct glacial epochs. The two sets of moraines shown in 
Fig. 323 might belong to two ice oscillations during one glacial 
age were it not for the fact that criteria other than relative 
position proved them to represent two glacial ages widely sepa- 
rated by an interglacial interval ( 111 ). 

When two ice streams coalesce, the inner lateral moraines of the 
two unite to form a medial moraine downstream from the point 
of junction. Medial moraines are very rarely left on the floor 
of the valley after the disappearance of the ice. They are not 
so well marked as lateral moraines and they arc more apt to be 
modified or destroyed by subsequent stream erosion. 

At the front of the ice, as at its sides, a great deal of detritus 
is deposited. Some of this ddbris accumulates in a tparginal or 
moraine, and the rest becomes aqueoglacial material in 
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so far as it is handled by water derived from the mcltiiij? of th(^ 
ice. Terminal moraines, composed of till or of bowlder lu^apn, 
are (jurved with the convex side pointing down the valley. In 
the recession of the glacier a distinct marginal moraine may bo 



Moraines ci earlier exxKsh. Moraines of later epoch. 

Fia. 323. — Sketch map showinK the distribution of moraines deposited in two successive 
advances of a Kroup of valley glaciers. (After W. W. Atwood.' 

formed every time the front pauses in its migration. These 
are often termed recessional moraines (Fig. 324). Many such 
may be built in a single valley. Terminal moraines often unite 
w’ith the contemporaneous lateral moraines. Where glaciers 
deployed upon broad piedmont slopes, terminal and lateral 
moraines may be finely developed. 

Terminal and recessional moraines are also formed by i(?c 
sheets, botli piedmont and continental. In origiti they arc 
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fiimilar lo t-lic doposits of tho .sani(' iiamc^ made by mountain 
glaeiers, Imt in form they may lu* more hummocky, and they arcs 



of much greater size. They may 
consist of till or of loose bowlders 
(bowlder bolts). Either because 
an ice sheet, advancing over an 
uneven topography, may migrate 
farther in the valleys than on the 
uplands, or because of subse- 
quent une(iual wastage of the ice, 
the front of the sheet may be- 
come lobate, and, as a conse- 
quence, its marginal or frontal 
moraines will be lobate. In 
North America the southward 
convex curves in the terminal 
moraine often indicate relatively 
low land in a northerly direction. 

F. A deposit of landslide 

d6bris has a very irregular, hum- 
mock-and-hollow topography, 
and is generally situated at the 
base of a steep slope on which 
the original scar of the slide may 
be seen. In its plan it may show 
evidence of having spread out at 
the time of the fall. Landslide 



I'ha. 334. — DiaRr&nvmatic sketch map 
of a glaciated valley, showing lateral and 
recessional rnoraiims. several blocked tritn 
uiary streains* and the head of a valley 
train. (After W. W. Atwood.) 


deposits may resemble morainal 
accumulations in their surface 
features, in the chaotic arrange^ 
ment of their materials, and in 
the occasional presence of 
scratches on some of the rock 
fragments, but confusion is 


likely to arise only when they are in valleys that looj: glaciated. 
! event they may often be distinguished by their local and 
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irregular distribution as compared with most moraines, and by 
the fact that their materials are of tiie same rock as that on th(^ 
mountain side above them. In unglaeiatod valleys no other 
suggestions of ice action will be found. In vall(\vs that wen^ 
formerly glaciated, the landslide materials have probabl}" slumpc^d 
down over any morainal debris that happem‘d to be in the way.' 
Other constructional forms, which may hav(' either a hurnmock- 
and-hollow topography or an irregular ridgelike shape, arc? the 
deposits of earth flows and mudflows and rock glaciers (3; 260, G). 



G. In mountain regions, snow banks lead to the forma- 
tion of winter talus ridges (Fig. 325). Rock fragments slide 
down the snow surface and accumulate at the foot of the drift. 
In summer, after the snow has melted away, a curving ridge of 
rock fragments remains, convex away from the source of the 
slide. If the snow banks of successive winters are smaller, a 
series of concentric talus ridges may result. 

278. Destructional Hills and Ridges. — Destructional hills 
and ridges are outstanding topographic forms which owe their 
existence to the deeper erosion of the land that surroimds them. 
That they have not been worn to a lower level is often due to the 
superior resistance of the materials of wdiich they are composed, 
but it may be merely because they are interstream areas or 
divides which have not yet had enough time for their complete 
erosion. This class of elevations may be regarded as including 
«har|> pinnacles, small rocky kpoljs only a few hundred square 
feet in area, and larger peaks and ridges. The Collowing forms 
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will receive consideration; monadnocks, mesas, buttes, cuestas, 
hogbacks, exfoliation domes, roches moutonncScs, stacks, and rain 
)>illars. Mention is made of nunataks, baraboos, and steptoes. 

A. By long continued erosion a land surface may be 

r<;<lu(!e<l to an almost level i)lain (261, 281), but there may still 
be a few hills, which, having fi« y(;t es(;aped final destruction, 



Fkj. 320. — HflCtionH of huttc'H. A and B, buttoa coDsiNtitig of horizontuJ Ntratu. M lia.s 
bof'ii more eroded than A. C, volcanic neck. A thin iuIuH covei liea on the edf^ets of the 
weaker atraia in each of the diaKraina. 

conspicuously above the plain. These are moncuinocks. The 
term connotes nothing in legard to form or.strufjture; it means 
nuToly a. residual of an old topography standing above a plain 
of subaerial erosion. 

A similar residual type in arid regions is the island mountain, or 
island moxmt (German, Inselbcrg)^ (284). 


a b 



Fto. 327. — A ouestu. ab, back slope or ''outer lowland,*’ approximately a dip slope; 1 m:, 
escarpment with ita base covered by talus; cd, "inner lowland.” Hard strata are stippled. 

B. A mesa is a flat-topped table mountain consisting of 

horizontal or nearly horizontal beds and bounded on all sides 
by steep erosion scarps (34, 260). Mesas sometimes occur 
as outliers of plateau steps (268). When erosion has reduced 
a mesa so far that there is practically nothing left of the original 
flat upper surface, the hill is called a butte (Fig. 326). Steep- 
sided hills couasisting of relatively hard igneous rock are likewise 

^ * A term proposed by W. liomhardt. See Davis, W. M., d912, p. 366, 

ajW., 1930, p. 6. 
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tciincMl buUcs (Fig. 326, C). Many mesas ami buttes are 
iiionadnocks. 

C. If strata of varying hardness an* tiltcui at a low 

angle, say between 10° and 20°, erosion will develop ridges or 
cuestas on the resistant roek layers. From the crest line of a 
cuesta there is a steep descent in one direction and a g<*ntle 
descent in the opposite din'ction (Fig. 327). The ste(‘p slope 
is the cuesta face, an erosion escarpment, and the gentle one is 
the hack slope of the cuesta. The latter is iu*arly a dip slope. 
In beds inclined at angles higher than 20° the slopes of an 



I'lQ. 328. — A liOK^Hck, dut* to the slower iTosion of a reniatant stratum (lined). 

(*rosion riilge developed on a hard rock layer have angles of 
inclination which are more nearly equal. The side corresponding 
to the cuesta face (across the stratum) becomes less sk^ep and 
the back slope, about parallel with the beds, becomes steciper. 
A ridge of this type is a hogback (Fig. 328). p]vidently, then, 
there are all gradations between the plateau step in horizontal 
strata (Fig. 282), through the cuesta, to the hogback in beds with 
a relatively steep dip. 

D. Rounded knobs ox domes are sometimes produced in 

the erosion of granitic rocks, conglomerates, etc., by exfoliation 
(38). They may range from a few feet to scweral hundred feet 
in height. At the base of a hill of this origin the talus cx)nsists 
largely of great spalls of which some may be seen on the hillside 
in all stages of separation from the parent rock. 

^E. In glaciated regions many of the rounded rocky knobs 

and hills w^ere so made by ice abrasion. Glacial stri», polish, 
and grooves, on their surfaces bear witness to this fact, but 
on high hills and rarely in other places, postglacial disintegra- 
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tioii may havt^ destroycnl tliasc ovideiices. These rounded 
rock knobs and hills ar<j (!all(;d rodws mmtonnees (sing., ro(*h(i 
moutonn^cO* '^rhey have a more gentle slope on the sid(^ from 
which the ice thrust came and a steeper, ice-plucked slope on 
the other side (Fig. 329). 

F. Along rocky coasts there are sometimes outstanding 

projections of roc^k, siadcs or chimneySy which have been separated 
from the sea cliff by th(^ concentrate<i attack of the waves round 
and behind them. Tlu\v an^ still bedrock in the sense that they 
are in place. They rise from the wave-cut bench (266) from 
which they will ultimately be razed (Fig. 280). 




mTITITTlIfll 


Fxa, 329. — Vrolilti section of u roclie tuoutonn6e, showinR thrust side, ab, and lee side, be. 
Arrow indicates ice motion. 


G. Relatively soft, fine-grained strata, containing scat- 
tered pebbles, or perhaps conci’ctions, may be cut into by the 
force of falling rain. About any one of these pebbles the matrix 
ma}' be worn away until the pebble at length rests as a cap on the 
top of a pillar of the less resistant material. Such rain 'pillars 
may reach heights of several feet. 

H. Pillars {hoodoos) may be developed by the erosion 

of horizontal strata of varying hardness in regions where most 
of the rainfall is concentrated during a short period of the 
year. Below hard layers the soft materials may bo so far worn 
away that columns of the latter remain capped by remnants of 
the overlying resistant rock. The height of the pillar depends 
in part upon the thickness of the weaker stratum. 

1. Three or four other forms may be mentioned here, 

although they have no particular relation to destructional or 
constructional origin. Theae include the nunatak, the steptoe, 
and the baraboo. A nunatak is an island of bedrock in a glacial 
a Jiill projecting through, and entirely surrounded by, the 
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ice (Fig. 330). A steptoc is a similar island of bedrock in a lava 
flow. The lava spread out round the hill and froze about it (Fig. 
331). Finally, a baraboo is a monadnock which has been buried 
l>y a series of strata and subseciuently reexposcd by the partial 
erosion of these younger strata. 



A hill or mountain of older rock, entin^ly surrounded, but 
not covered, by any kind of later sedimentary deposit, has 
been referred to as a lost mountain or an island hill,^ a tf^rm which 
to some extent conflicts with the more restricted definition of 
island mountain or inselbcrg (278, A), Robert T. Hill states’^ that 
the term huerfano (Spanish for orphan; pronounced ware-fa-no, 
with the accent on the first syllable) is fre(iucntly applied to 



mountains of this character in southwestern United States and 
Mexico. These terms — steptot’j, baraboo, island hill, island 
mountain, inselberg, and huerfano — are not in general use, but 
since they do occasionally appear in the literature and nince they 
do refer to special cases, they have been included in the present 
chapter. 

^ E. W. Shaw, on p. 489 in '^Preiiminary Statement Concerning a New 
System of Quaternary Lakes in the Mississippi Basin,'’ J&ur. Cfeot., 19, 1911. 

’ In a conversation with the writer. 
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TOPOGRAPHIC EXPRESSION 

Topographic P^xpression in General 

279. Mutual Relationship of Topographic Forms. — The study 
of topography cannot stop at the description and interpretation 
of land forms as mere isolated phenomena. Not only must wo 
h(^ able to recognize these individual tdements, but also we must 
be able to interpret their meaning as they appear in their mutual 
relations. The various relief features of a region as a whole are 
the product of some common cause or interacjting causes. Their 
shape and distribution are dependent partly upon the underlying 
geologic structure, partly upon the number and kind of geologic 
agents which have been engaged in their formation, and partly 
upon the length of time during which they have been under the 
control of these agents. Using the term topographic expression 
with reference to the general appearance of a land area,^ we may 
say, then, that topographic expression is conditioned by three 
important factors, namely, geologic structure, erosion process, 
and stage of topographic development. In the succeeding pages 
topographic expression in its relation to these three factors will 
receive some consideration, though by no.means in an exhaustive 
way. Topographic development will be treated first; then the 
association of unlike types or facies of topography, which were 
produced in successive cycles, and, last, valley pattern, which 
depends chiefly upon underground structure. In studying a land 
surface from this broad standpoint, the geologist should never lose 
sight of the fact that the topographic elements must always be 
examined indivMually before they can be explained in their 
ensemble. 

speak, likewise, of the topographic expression of a* particular 
or type of structure. 


may 
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Cycles of Topoguaphic Development 

280. Definition. — No land forms arc strictly permanent. 
Wind, water, and ice are constantly engaged in modifying the 
configuration of the ground. In the change* successive stages 
of development are recognized, and these live called youth, 
maturity, and old age. The so(|ueiic(s fioin ilie beginning of 
youth to late old age, is known as a geomorphic or physiographic 
cycle. As a matter of fact, old age is seldom attained, for the 
process of erosion becomes inc^reasingl y slow as the cycle advances 
and various accidents and interrui)tions initu-fere with the work 
(286). Since each agent of erosion operat(\s in its own pecuiliar 
way, there are several different kinds of geomorphic (‘ycle. There 
are the normal or river cy(‘lc, th(‘ cycle of mountain glaciation, 
the cycle of marine erosion, and the cycle of arid erosion. 

281. Cycle of River Erosion. — No river can cut its channel 
more than a few feet below sea level because its speed is (pnckly 
reduced as soon as it empties into the sea. A few humlred feet 
inland the stream caniiot cut even as low as sea level, for there 
must be some slope to enable it to flow. Carrying out this line 
of reasoning, we find that there must be a slope for the course of 
every river, below whi(;h further erosion is no longer possible. 
When any stream has cut down to tills critical slopes it is said to 
be at grade, and the ocean level is termed base level. Probably 
grade has never been attained by any river, for as time goes on a 
stream must have a constantly diminishing load, and a diminish- 
ing load will enable it to cut nearer and nearer to sea level, so 
that its grade v/ill be a constantly vanishing quantity; but for 
purposes of general description grade may be regarded as some- 
thing having a fairl}' definite value. 

Streams that have not yet reached grade are apt to have water- 
falls where they cross hard rocks, and lakes where they flow 
through basins. They are then said to be young and their valleys 
are in an early stage of erosion. In this condition they are 
actively putting downward and headward. For a time a lake 
may serve as a local base level (Fig. 332), reducing the inflowing 
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streams /rrn.itomnj qrndv, liut at hist ilu^ lake will be draiiUMl 
and tlie str(‘aiiis will rcMiew erosion toward a n(*w grade. In 
like manner, a resistant rock may bring the stream above it to a 
temporary grade (Fig. 333). 



Kia. 332. — A lako an a local baHc level, ah, temporary Rrade determined by the lake, 
ed; he, delta; de, portion of oriKinal ulope of Htreaiii channel; ef, upper part of ntream profile 
which in heinff cut downward to a Krado <letermmed by a base level to the light of the dia- 
gram. Ah Hoon an e reiteheH d, by headward cutting, the draining of the lake will begin. 


While the stream in its youth is eroding its channel, weathering, 
soil cre<^p, eartli flow" and landslides cooperate to lower the valley 
walls. At first the walls an^ comparatively steep and the V-sec- 
tion is narrow (Fig. 334). As grade is approached vertical 
erosion becomes slower, and with the slackening of this process, 
weathei ing and mass movement relatively gain in speed, so that 



Fia. 333. — Profile of a Htream channel, showing hoa a hard rock layer, eh, letarda the ero- 
aion of the channel upatreain from 6. h\» a local hoMC level. 

the V broadens, i.e., its angle becomes more obtuse. When 
at grade the river is said to be mature. If all the streams in a 
regioti are at grade, the topography is mature. The valleys are 
broad, there is no sharp dixuding lino between hills and valleys, 
and there are no waterfalls and lakes. 

From the inception of maturity, lateral erosion becomes more 
effective than downward cutting. The river builds a flpod plmn 
410 which it meanders. On the outer curve of each bend the 
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current erodes and on the inner curve it deposits. The beginning 
of maturity marks the end of the distinct V-section of the valley 
(Fig. 334, E). During maturity the hills are lowered, the valley 
grows broader and shallower, the flood plain also broadens until 
it is much wider than the meander belt/ and oxbow lakes result 
from the coalescence of meandci-s (267). Without any sudden 
change river and valle.y pass into old age and so complete the 
normal cycle of erosion. When the uplands have all been 
reduced to low swells and all the streams meander on broad flood 
plains, the topography as a whole is old (261). 



Fio. 334. — Changes in tho profile section of a valley from youth to old age. A, initial 
stage. 0B, youth. CC, late youth. nZ), early maturity; here the shoulders once at a and 
/, have practically disappeared. EK, middle maturity; the stream has buiU, a flood plain. 
FF, late maturity. QQ, old nge; the profile is that of a peneplain. ////, V/aso level. 6c«d, 
section which was out by the stream: abc and def, sections removed by weathering. Under 
certain conditions the part of the hill slope below the original position of the shoulder (in 
CC) may become broadly concave upward in DD and subsequent stages. 

Summarizing with reference to the cycle of erosion of streams 
and valleys: youth is marked by relatively steep valley sides, 
occasional waterfalls and lakes, and a V-shaped transverse sec- 
tion of the valley; maturity is characterized by a meandering 
stream, absence of lakes and waterfalls, a flood plain which is 
not much wider than the meander belt, aftd a rolling hill-and- 
valley topography; and, old age is characterized by broad, shallow 
valleys; broad flood plains, much wider than the meander belts, 
and the presence of numerous oxbow lakes. 

The foregoing description applies more especially to the cycle 
in repons which have a normal rainfall and a fair covering of 
vegetation. Where the rainfall is deficient and the vegeiaUon 

' The p*t of a flood plain between two lines tangent to the outer heads of 
oil the meanders is called the mtander belt. 
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scant, the topographic history approaches that of the arid cycle 
(284). Furtiiermore, th(* difTc^rences in the relative resistance of 
the rocks to envsioii may distinctly modify the topographic 
forms at any particular stage in the cycle. For instance, in 
areas unUc'rlain by approximately horizontal strata, the hard 
layers may iirescTve st(M‘p cliffs at their oiitcrojjping edges from 
youth even into late old age of the district (Cf. 278, B). 

282. Cycle of Mountain Glacier Erosion. — As with rivers, so 
with mountain gla<*icrs, it is possible to recfognize a progiessive 
(diange in the top<3graphy according to th(^ amount of erosion to 
which the region has been subject(Hi. Imagin(i an upland on 
which glaciers are beginning to make themselves manifest. The 
first work of erosion will consist of the carving of drift hollows 
and then of small circpuis. As the pro(^ess goes on, th(^ cirques 
will grow larger and will lead out to glacial valleys. That por- 
tion of the old upland which has not yet been touched by ice 
abrasion will constantly diminish in area, for, by headward 
sapping, cirques on the opposite sides of a divide will approach 
one another. Thus the upland will become scalloped (Fig, 335, A). 
To a less degree the dividers between adjacent valleys that open 
in the same dire(‘tion will grow narrower as the valleys are scoured 
deeper and wider. If glacial erosion continues long enough, 
adjacent cirques may meet in sharp-edged ridges, and the old 
upland will then remain only in isolated areas (Fig. 335, B). 
At a still later stage the last remnants of the upland will disappear 
and all the divides wdll be knife-edge ridges rising at junction 
points into abrupt peaks (Fig. 335, C). 

283. Cycle of Manne Erosion. — I'^here an? two phases of the 
cycle of marine erosion, that for coasts w’hich have been elevated 
with respect to sea level and that for coasts which have been 
depressed. The elevated coast may at first be characterized 
landward by a coastal plain which slopes gently to the water’s 
edge and then continues with the same inclination beneath 
the water. The shore line is relatively straight ami monot- 
onous; Since tiie winter is shallow, the waves are forced to 
$reak ;Some little distance offshore, and where they brt?ak they 
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chum up the bottom sediments and pile them up seaward 
as an offshore bar (Fig. 336, I and II) (262). Between the 
bar and the mainland is a lagoon of clear salt water. The 
shore is now in a young stfl.ge. Meanwhile the waves cut deeper 
and they begin to cut into the s(*award side of the bar; winds 
blow the dry sands of the bar over into the lagoon ; and streams 




Fio. 336,— Developniont of a shore line of elevation, Z, zone of initial wave atiaok; 
B', offshore bar; C, oriRinal shore line; iy*'\ dunes; L, liigoon; Af, marsh. (After 

W. M. Davie.) 

carry mud and sand into the lagoon from the land side. Thus, 
two important changes are in progress: the bar is migrating land- 
ward and the lagoon is filling up. Gradually plants take root in 
the shallowing lagoon which eventually becomes a marsh. Over 
this marsh the bar travels, usually as a body of sand dunes, and 
at length the edge of the marsh is exposed on the sea side of the 
bar, that is, on the beach (Fig. 336, III). It is recognizable as 
a dark band of peM, and very often lumps or bowlders of peat, 
a^pre or less rouudecl by the waves, may be seen on thp beach, 
there comes a time when the bar has crossed liie entire 
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width of the nmrsli and has advainu'd on to what wiis the Land 
side of the lagoon while tiu' lattca* (‘xisted. The shore lino is 
now matun^ (Fig. 836, IV). It is still mauly straight, but it has 
a low cliff or nip where the wav(\s are cutting into the original 
coastal plain. The fact is that ihv. wav(\s, by this complicated 
process, have so far deepened tlu* wat(‘r that they now break 
against the shore instead of far out as formerly. They have 
moved thenr locus of attack to tlu? land. Henceforth, during 
maturity, they may cut inland, but tlu' process will slacken and 
the land will probably suffer elevation or depression and so start 
a new cycle before the cliff and its accompanying bench have 
been made large enough to deserve the title, old age. In this 
process, waves and currents have operated to d(welop a profile 
of eciuilibrium analogous to grade in rivt'r erosion. The slope 
of the bench, as seen in this profile, will vary with such factors 
as the strength of the erosive agents and the nature of the rock 
materials undergoing erosion. 

If the emerged coastal plain is relatively steep, it may 1x5 
bounded landward by an old abandoiuHl sea cliff, and soon after 
uplift (early youth) it will bci bounded seaward by a new (‘liff, for 
the waves will break against its s(»awai’d margin instc^ad of off- 
shore, as in the case? wh(M’c' th(' plain slopes v(5ry gently seaward. 
This new sea cliff will be cut landward, and the width of the plain 
will diminish, through youth, until with maturity the younger 
cliff will have been carried back to tbc5 older cliff, and the emerged 
coastal plain will have been destroyed, as such, and beveled dowm 
to a wave-cut bench (Fig. 337).* 

When a land area is depresst^d relative to sea level, the sea 
enters the valleys of the drowned land and the new shore line 
is irregular in proportion to the unevenness of the topography 
at the time of submergence. The headlands and islands arc 
more strongly attacked by the waves, and the debris, distributed 
by currents, finds lo<lgment here and there in bays or on the 
lee sides of promontories and islands. This Ls the youthful con- 
dition of jthe depressed coast. Spits, tombolon, hayhead beaches, 

* See Bibliog., Putnam, William O. 
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l)ayinouth I)ars, (262), aro abundantly r(*pn*sont(ul. In 

the lapse! of timc^ the* islands an* (h^molishod, the lu^adlands are 



Fio. 337. — Dpvt»loi>ineiit of an ciiu^rged relattvt'ly stw»i> <*oii8tal plain, where the land 
rnaafl ih bordered by deep water eIo«(» to ahore. (After Futuain, with permittsioii of the 
/oMinud 0/ OeoloQH and the University of Chicago Press. Sec Hibliog., Putnam, W. C., 
W37, p, 848.) 

«ut far back, and the bayss are well filled with sediments, partly 
iia|Mnn^/and partly dropped by infiovdng rivers, so that Ihe shove 
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line becomes nearly straight (Fig. 338). This is maturity. 
Old age is approached, as in the case* of the elevated coast, by 
long continued landward erosion of the coast by the waves. 

ljak(^ shores may undergo the same lyi)es of erosion sea 
shores, but the existence of a lake is generally too short for tj»e 
complete development of its shor<\ 

284. Cycle of Arid Erosion.- -As luis been pointed out by 
W. M. Davis,* then* is rm radical difiference, in arid regions as 



Kio. 338. — Development of a shore lino of depression. A, initial shore lino; B, shore line 
in youth; C, same in maturity; D,EP, deposits made by rivers. (After W. M. Davis and 
W. H. Snyder.) 


compared with humid regions, between the prevailing erosional 
processes nor between the fundamental eharaetcristics of the 
topographic forms dt^veloped by these processes. The main 
dififerences are in degree rather than in kind. 

For consideration of the cycle of arid erosion, we may assume 
an initial land form consisting of uplifted fault-block moun- 
tains, with intervening vall(?ys ami basins. The principal agents 
and processes of erosion will be disintegration; wind scour and 
wind transportation ; anti especially concentrated abrasion, 
transportation and intermittent deposition jierformed by stream 

* Bibliog., Davis, W. M,, J930. 
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wash; sheetflood wash, and rill wash, locally affecting areas irregu- 
larly distributed, but in the long run more or less equally affecting 
all parts of the region. Landslides, mudflow, and »soil creep also 
iday an imjmrtant role in lowering slopes and in furnishing waste 
for transportation. Because of the* absence, or paucity of vegeta- 
tion, detritus is coarsc^r, in relation to the time or period of 
development in this cycle, than it is in the case of erosion under 
a humid climate. 

During the earli(‘st stages in the cycle of arid erosion, stream 
valleys and branch valleys develop; th(‘ uplands are vigorously 
dissected; and the products of erosion are carried out on to thc) 
valley or basin floors. Streams tend to cut down to a grade which 
will hav<' a slope depending on distance of transport, amount and 
size of material carried, etc., and the sam(' maj'^ be said of sh(*.et- 
floods and rill wash. By these methods of (Tosion of running 
water, assisted by tlu? important process of deflation, a rock- 
fioored plain is carved out of the front of the mountain mass, an 
apron-like plain, sloping basinward. This is known as a pedi- 
ment, One of the striking features of arid physiography is 
the pediment, thinly and discontinuously veneered with sand 
and stony waste, and usually cut out of the same rock mateiials 
as the adjacent mountains themselves. This plain, the pediment, 
is the homologvK' of the peneplain in humid climates. In the 
lower central parts of the basins, where sedimentation prevails, 
are shallow lakes, playas, and salinas. (See Fig. 290.) 

Under the conditions just described, the region may be said 
to be in youth. As erosion progresses, the pediment flanking 
each mountain mass Ls extended, encroaching more and more 
upon the uplands, and adjacent basins ma}" at length coalesce. 
“ Maturity will be reached when the drainage of all the arid region 
becomes integrated with respect to a single aggraded basin base- 
level, so that the slopes lead from all parts of the surface to a 
single area for the deposition of the waste There will 

appear . . , laVge rock-floored plains sloping toward large waste- 
|loo^ plains; the plains wUl be interrupted only whei^s parts of 
if^tial highlands and masses of unusually resistant rocks 
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here and there, sui*vive as isolated residual mountains’' (Insel- 
berge, or island mountains) ... “in so far jis the plains are 
rock-floored they will truiujate tlie ro(*ks without regard to their 
structure (261, 278, A). With further extension of the ped- 
iment, an old age stage may be conceived at w'hich all island 
mountains will have disapp<'arc*d and only a monotonous un- 
dulating plain re^maiiLS. 

Topographic Expression Developed in Two Successive 

Cycles 


286. Topographic Unconformity Defined . — Topographic uncon- 
formity is a term applied to land surfaces wiiieh consist of two 



Fig. 330. — Topographic unconformity. A gently reding preglacial land surface haa lieen 
invaded by ice which has produced a series of steep-sided cirques. The land is in an early 
mature stage of glacial erosion. (After W. W. Atwood.) 


parts that are out of adjustment with one another. This condi- 
tion is brought about by an interruption in the ordinary course 
of an erosion cycle. For instance, rivers and agents of weather- 
ing may have produced a late mature topography which is then 
uplifted and subjected to mountain glaciation. If the invading 
glaciers disappear before they carry their erosion beyond youth, 
the area will show two kinds of topography: (1) the mature 
upland incised by (2) the new glacial valleys, and these two 
topographic phases will be out of harmony with one another, that 
is, they will be topographically unconformable. Their relation 
will be that of topographic unconformity due to an interruption 
in the x^ormal cycle (Fig. 339). The same mature upland, 
^ Bibliog., Davis, W, M,, 1909, pp. 303, 304. 
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incised by strciams with youuj< valleys of a new cy(Je, would be? 
another case of such unconformity. (Profile B, Fig. 334.) 
Abandoned shore lines (286) are a third illustration of topographic 
unconformity. 

286. Abandoned Shore Lines. — Shore-line features — beaches, 
bars, reefs, benches, and the like — originate for the most part 
at or near the level of the lake or sea where they are formed. 
If the water level rises a f<^w feet, relative to the land, they will 
be submerged; but if it suffers relative low(^ring, they will be 
left stranded, as it were, some distance above the new shore line. 
They are then said to be abandoned. Such shore lines are too 
often called eleDated bc^fore substantial evidence has been brought 
forward to prove that the land rose, rather thati that water level 
was lowered. Abandoned is a better epithet for.it implies nothing 
as to the manner in whic^h the changes in relative water level was 
effected. A shore line may be abandoncnl, in the case of the st^a, 
either by actual uplift of the land or by actual depression of the 
sea, and, in the case of lakes, either by differential tilting of the 
land such that at one end the lake floor is more or less exposed, or 
by lowering of the lake as a whole t hrough draining or evapora- 
tion fFig. 340). Whatever the real eaus(' may be, the results are 
essentially the same*. Th(‘s(? abandoiuHl shore-line features are 
in tojwgraphic unconformity wdth the adjoining land forms. 

If relative depression of wat('r level sets in after a long period 
of constancy, and continues at a uniform rate until it is succeeded 
by another long iiitc^rval of constant water level, there will be 
only one belt of abandoned shore-line forms, those of the first 
period of fixed w'ater level. Probably no other evidence of wave 
or current action will be seen in the zone between this old shore 
line and the present one. In other words, for the development 
of shore-line features there must be a vstand of the water level, 
and the longer this stand, the more pronounced will be the shore- 
line fonns. If a long-enduring great uplift is interrupted by 
pauses, each pfaiso will be represented by a belt of abandoneil 
ahore-Une features (Fig. 281). Naturally, the older, higher ones 
lUdll hwc evidence of most subaerial erosion. 
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Occasionally lakes arc impoiiiidecl on the upstream side of 
natural barriers which have Ix'cn built across valleys (267). 
Landslide debris, morainal material, and even ice itself, may 
temporarily l)lo(^k up a valk^y in this way. While such a lake 
is in existence*, various shore-line features, both constructional 
and dcstructional, may be formed. Beaches may be built; a 
small nip (bench and (*liff) may be cut in original unconsolidated 



MtlES 

Fig. 341. — Insequent draina|i;« pattern. (Trent River quadrangle, N. C.) 

deposits of the valley side; and inflowing streams may construct 
deltas. After the barrier has been cut through, or, in the case of 
ice, has melted away, the lake will be drained, and small beaches, 
deltas, wave-cut benches, etc., may be seen on the slopes of the 
valley through which, perhaps, a stream now flows. If ice served 
as the dam, the shore-line phenomena end abruptly at the former 
site of the ice frdnt. 

• With regard to the field study of abandoned shore^ lines, the 
lljjiol^g^ should note that their oripnal characters are usually 
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inoro or less coneeaU'd by v(‘p;(»tjitiofi and by erosion. Their 
reeognitioii depends, first, upon a knovvl(‘dge of the typical 
features of shore-line phenomena in their natural position, and 
likewise upon the ability to distinguish between them and topo- 
graphic forms of similar appearance (263). River terraces are 
especially apt to be mistaken for abandoiu^d lake beaches. How- 



controlled by jtrint and fault systems. 
(Elizabethtown sheet, N. Y.) 



Fig. 343. — Rectangular drainage pat- 
tern controlled by folded strata, ( Mon- 
terey sh<H»t, Va.-W. Va.) 


ever, river terraces are not associated with abandoned deltas 
.which extend out from their outer margins (Fig. 340), and river- 
laid gravels are usually mingled with more sand and fine clastic 
material than are beach gravels. The latter are relatively dean. 
Also, beach matmals grade from pebbles and bowlders at the 
inner mai^ to finer pebbles and sand toward the outer mar- 
gin ( 78 )„ whereas river terrace gravels exhiUt. no such regular 
gradation. 





380 


FIELD GEOLOGY 


Topographkj Kxpukssion in Its Relation to Geologic 

Structure 

287. Valley Pattern. — Valley pattern,* or what commonly 
amounts to th(^ same thing, drainages pattern, depends on th(‘ 



T*'ia. 344.-^Radiiil drainage pattern of the BlacH Hills of Wyoming and South Dakota. 
The range is situated principally in the upper half of the map. (After N. H. Dartoii.) 

distribution of bedrock, the attitude of stratiform rocks, the 
armngement of ^surfaces of weakness, such as joints and faults, 
and on a number of other structural features. Consequently it 
^See JBibliog., Zibbritz, Emtux R. 
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may be used to assist in the interpretation of geologic structure 
as well as in the study of land forms. 

Young streams, flowing on a nearly level plain or upon irregular 
superficial deposits of indefinite form and structure, are likely to 
wander here and there in following the irr(‘gularities of the 
ground. This type of drainage is called inaeqmnt (Fig. 341). 
A rectangular, or trellis-like pattern may n'sult from the control 
of a rectangular joint or fault system (Fig. 342), or from the 
influence of tilted or foldcid, alternating resistant and weak strata 
(Fig. 343). By the updoming of a relatively flat area, a radial 



Fio. 345. — Dwndritic drainage pattern. (Wartburg shc«>t. Tcnn.) 

drainage may be induced (Fig. 344). If the radial streams inter- 
sect concentric bolts of hard and weak rocks, this pattern may be 
taken as si^bstantial evidence for there having once been such an 
updoming. The dendritic (treelike) arrangement of rivers and 
their branches is most common, and is characteristic of regions 
where structural controls are not exaggerated (Fig. 345). 

In many parts of the country, where soils are mostly residual 
and where the underlying rocks are gently folded strata, hills 
and divides may ix)ughly correspond with domes and anticlines, 
and valleys, with basins or synclines. Under these circumstances 
it is often a question whetW the beds have sagged, as eromon 
proceede4, and thus have produced what might be termed fdUe 
gtructureg (1121) , or whether the inclinations of the beds arc 
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true structural dips which controlled the direction and pattern 
of the drainage. Where folded structure docs govern the drain- 
age, the control is eff(‘(^ted principally by the harder layers 
which resist erosion and tcuid to hold up the land surface. The 
smaller streams are likely to exhibit the (closer relation to the 
dip, for the mnstc^r strc'anis not only may cut downward irrespec- 
tive of the st.ru(^ture, but also may swing sideways out of the 
area of any possible original control. This statement may 
apply whether the main drainage is consequent or superposed.^ 

^ A conaeqxieni streain is ono liavini? its course controlled by, and its direc- 
tion esvseiitially parallel to, the dip of the untlerlying strata. A superposed 
stream is one which a<‘((iiired its course on a formation now mostly eroded 
away and which had this course sufierjiosed ii})on the underlying formation 
irrespective of the structure of the latter formation. 
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TOPOGRAPHIC MAPS AND PROFILE SECTIONS 

Features Shown on Topographic Maps 

288. Classification of Features. — A topographic map is one 
that shows the size, shape, and distribution of features of the 
earth’s surface. On the topographic maps published by the 
U. S. Geological Survey* these features are classified in three 
groups: (1) relief, including hills, valleys, plains, cliffs, and the 
like ; (2) drainage or water, including seas, lakes, ponds, streams, 
canals, swamps, etc.; and (3) culture, including many of the 
works of man, such as towns, cities, roads, railroads, boundaries, 
and names. Relief is printed in brown, drainage in blue, and 
culture in black. In addition to these, on some maps, forests 
are indicated by a green tint. The significance of the con- 
ventional signs employed^ is often given in a key either on the 
back of the map or in the right margin. Such a key is called 
a legend. In it the various signs are arranged in a column with 
those for relief above, those for drainage next, and those for 
culture at the lower part of the table. Each symbol or line is 
inclosed in a small rectangle, and all the rectangles are of eciual 
size. If the student has to prepare a topographic map of any 
kind, he will do well to make the legend for it according to the 
scheme just outlined. In any case the map must have a legend. 

289. Contours. — Relief may be represented on topographic 
maps by contour lines, by tinting, by hachures, or by shading. 
In some cases a combination of two or more of these methods is 
adopted. We shall concern ourselves only with contour maps, 

^ lists of these maps for each state may be obtained from the Director, 
U. 8. Geological Survey, Washington, D. C. 

* Bibliog., Samsbury, R. D., and Atwood, W. W\ 
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Hince these alone can l)e used for making satisfactory measure- 
ments of height, slope and distance. 

A contour is a line drawn through points having the same alti- 
tude. The shore line at mean sea level is called the contour of 
zero elevation, mean sea level being taken as the datum plane 
from which other contours arc measured. A contour repre^sent- 



pATUM /s Mean Sea Level 

Fig. 340. — Contour map of a land area bordering a shore line. If sea level were to rise 
40 ft., the shaded portion of the present land would be submerged and the new shore lino 
would be the present 40-ft. contour. The hill south of a would become an island. 


ing bn elevation of 20 ft. is the line of intersection of the land 
surface with a horizontal plane 20 ft. vertically above mean sea 
level. If the sea were to rise 20 ft., the new shore line would 
coincide with this contour. In the same way, if the sea were to 
^ ft., the new shore line would coincide with the 40-ft. 
contour (Fig. 346); and so on. When the contours thus indicate 
of level of 20 ft., the vertical distance of 20 ft. is 
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formed the contour intervoL Other contour intervals, such as 
50, 100, 200, and 250 ft., arc sometimes chosen instead of 20 
ft., but ordinarily only one contour interval is used on a given 
map. 

Certain contours are printed more heavily than others. When 
the contour interval is 20 ft., the 100-ft. contours are heavy (Fig". 
346). A broad contour line of this kind may be called an index 
contour^ for it is labelled here and there along its length by a 
small number which denotes its elevation above mean sea level. 

If sea level were to rise, the water would extend up the valleys 
and so form bays, while the hills and ridges would become head- 
lands. Some hills, having been entirely cut off from the main- 
land, might become islands. In the present connection the 
signifioance of these facts is that: (1) contours l)end or ‘‘loop'’ 
upstream in valleys; and (2) the upper contours on hills are rela- 
tively short, closed curves. Hollows without outlets are also 
indicated by closed contours, but they are distinguished from 
hill contours by having short hachures on the inner (downslope) 
side of the line (Fig. 294). 

290, Scale. — The scale of a topographic map is usually notetl 
in the lower margin. It may be expressed in several ways. 
For instance, it may be denoted by such a statement as, “one 
inch = one mile,^’ or it may be represented graphically by a 
measured straight line as in Figs. 346 and 347. Again, the scale 
may be expressed as a ratio or a fraction, the latter being known as 
the representative fraction (R. F.). Thus, if the scale is 1 : 125,000, 
or 1/125,000, this means that the distance between any two 
points on the map is 1/125,000 of the actual distance between the 
originals of the two points on the earth’s surface; or, to put it in 
another way, a map 6 in. long on a scale of 1:125,000 shows an 
area 6 X 125,000 in. = 11.8 mUes long. The scale of 1 :63,360 is 
equivalent to the scale of 1 in. to 1 mile* Most of the Geological 
Survey maps are constructed on one of these scales: 1:62,500, 
1:125,000, or 1:250,000. Maps on the first scale are 15-mtWc 
maps, those on the second scede are dO^inute maps, and those 
on the third scale are degree maps, referring to imnutes or degrees 
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of latitude and longitiule covered by the maps. On the scale of 
1:62,500, 1 in. on the map r(‘pros<uits a distance a little less 
than 1 mile; on the s(^ale of 1 : 125,000, J in. represents a little 
less than 2 miles; and on the scale of 1 : 250,000, 1 in. represents 
somewhat less than 4 miles. 

291 . Direction. — Compass directions are sufficiently indicated 
on many maps by meridians and i)arallels of latitude. On large- 
scale maps, however, a full arrow is commonly drawn, properly 
oriented, pointing to true north, and a half arrow, intersecting 
the full arrow in its center, for magnetic north (Fig. 346). The 
angle between these two arrows should be marked, and also the 
date when the observations were made, for the magnetic varia- 
tion changes from year to year ( 322 ). 

292 . Requisite Data on a Completed Contour Map. — The 
more important featuies of contour maps have been described 
above. A contour map is not complete unless it has a name, 
is accompanied by a legend, and has designated upon it the 
scale, the contour interval, the datum plane from which tlie 
contours were measured, and compass directions. 

293 . Aerial Photographic Maps. — The subject of aerial photo- 
graphs and their use as maps is reserved mainly for Chapter 
XVII. Such photographs, taken from a considerable height, 
looking vertically downward, arc essentially topographic maps. 
They display in remarkable detail the form and distribution of 
features of the earth's surface. When properly prepared, they 
can be accurately contoured, and they can be used for measuring 
distances and slope angles, but these operations require the use 
of certain precise instruments in the hands of trained specialists. 

Profile Sections 

294 . Nature of Profile Sections. — A profile section is a diagram 
showing the shape of the surface of the land as it would appear 
in vertical cross section. A profile section consists of four lines 
whifch completely inclose a space (Fig. 348). They are the profile 
UntL/the base line, and the two end lines. The profile line, which 
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is the top line in the diagram, represents the intersection of a 
vertical plane with the land surface. The base line is drawn 
horizontal and is chosen at a convenient distance below the 
lowest point of the profile line. The end lines arc perpendic^ular 
to the base line. 

The position of a profile section should always be indicated 
by a line, called a line of section ^ on an accompanying map {AR, 
Fig. 347), for a section has no practical value unless its location 
is known. The line of section is reall}'^ the top line of the section 
as seen in plan. 



Fia. 347. — Contour map of a land area of modaraio reliff. Diagonal ruling, lake; line 

of section. 

Every profile section has a horizontal scale, measured in units 
on the base line, and a vertical scale which is’ measured in units 
of elevation perpendicularly above the base line. If these two 
scales are the same, the section is said to be drawn to natural 
scale. Sometimes the vertical scale is exaggerated, i.e., it is made 
two or more times as great as the horizontal scale (Figs. 348, 349). 
Exaggeration is useful for profile sections of lands of very slight 
relief merely to emphasize the positions of hills and valleys. 
.Ordinarily natural scale should be employed. Unless accurate 
measurements are to be made, the vertical scale may be 1 in. 
to 6,000 ft. if the horizontal scale is approximately or actually 
an inch to a mile (1:62,500 or -1:63,360). Tlus is so near to 
natural scale that it is satisfactory for most purposes, and it 
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haH the advantage that the contour interval in commensurable 
with the vertical scale. 

296. Construction of a Profile Section. — Let us suppose ttiat a 
profile section is to l)e made along lim*, AB, h"ig. 347. Lay th(? 
straighWHlge of a sheet of paper along AB and mark a dot on it 
at each point where a contour is crossed by AB and a small caret 



Viti. 34S. — Crofilo 6«ctiou along line AB in Fig. 347. Drawn to natural scale. 


at each point where a strc'am is crossed by AB. Connect tluj 
dots for the upp<*r contour on each hill by a curved line (h, Fig, 
348), to show where the hills are situated. * In the same way 
connect dots repre^senting th(‘ two margins of a lake (/, Fig. 348). 
It is well also to label some of the index contours by their eleva- 
tion numbers. Upon a piece of profile paper, ruled with (jo6rdi- 
nates to }io in., draw XY = AB for the base line of the .section. 



Fia. 340.-*‘Vrolile section along line AB in Fig. 347. VcrLical scale three tinies as great 

as horisontal scale. 

Transfer the points, carets, etc., to JfF, marking them lightly 
with a lead pencil. The first three of these points are lettered 
a, b, and c, the summit contour is h, and the stream is at « (Fig. 
348). Since XY — AB, obviously the horizontal scale of the 
section is equal to that of the map. If we let in. ~ 20 ft. 
for tire vertical scale, this section will be drawn to natural scale. 
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The lowest point (Tossed by AB happc^ns to be at the lake 
vvIhto the (devation is somewluit less than ISO ft. Therefore, 100 
ft. above s(*a level would be a eonv(‘ni(‘nt elevation for the base 
line. Sea level itself may be eho.sen if pr(‘f(Tred. The first 
contour cut by AB the 240-ft. lin(% n^presented by a on A"}’. 
Make a dot verticallj" above a on the cotirdinate for 240 ft. 
Verti(ially above h, the position of the 2()0-ft. contour, mark a 
dot on the 2()0-ft. coordinate. Similarly, mark a dot on the 
proper coordinate above ea<;h point on XV'. Connect these 
points by a curved line, MN, which is the profile line of the sec- 
tion. Note that the hilltops arc a little high(T than 2(>0 ft., 
but not so high as 280 ft.; that the stream channel is lower 
than 200 ft., but not so low as 180 ft.; and that th(; lake surface 
is below 180 ft., but above 160 ft. 

296 . Enlargement of Profile Sections.^ — Profile sections may 
be enlarged by multiplying both the vertical and horizontal 
scales by the same factor. This may be done in two ways. 
Siippose that the section of Fig. 348 is to be enlarged twice. 
Draw a base line double the length of A B (Fig. 347) upon a piece 
of profile paper. As described in the preceding article, mark 
on the edge of a sheet of paper the positions of the contours and 
streams intersected by AB, Lay this paper against the base line 
so that the point, A, will coincide with iho left end of the line. 
Then transfer the contour positions in such a way that the space 
between each two adjacent points will be doubled, that is, the 
spaces, beginning at the left, will be equal to 2Xa, 2a6, 2bc, and 
so on, in order (Cf. Fig. 340). Having sc‘t off dll these points, 
continue as in Art. 296 , but with a vertical scale of in. as 10 
ft. instead of in. = 20 ft. 

The second method is illustrated in Fig. 350. For convenience 
only half the length, XO, of the section in Fig. 348 is here enlarged. 
Lay off the base line XZ = 2X0 — 2ABf2^ as in the first 
method. From X draw XW » AB/2, making an angle of 
60® with XZ, Mark on XW the contour and stream positions, os 
explained 4n Art. 296 , from X to W. Draw ZW) and from each 

^ A cKHition, and also a map, loses in aocumey in proportion as it is enlarged. 
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of tiu! points on XW draw a lino to XZ parall(»l to ZW, Thos(‘ 
linos will intoro(^|)t distanoos on XZ just double the distance's 
which they interc(':pt on A' W, 

Enlargement may bo acoomplishod more readily as follows; 
Lot XW, Fig. 360, repre^semt the line of section on the map. 
Place the paper, on whicli tlie^ (enlarged section is to be plotted, 
HO that the bas(^ line, XZ, of this section (drawn as many times 
longer than XW as the desired enlargement) is at an angkj to 



Fio. 850.— Diagram iUiiMratiitg a method of enlarging a profile* section, XZ » 2XW 
-V W - A' 172 iu Fig, 348. 

A'TT, as showTi. Draw WZ. and, parallel to it, draw linos through 
other points to be transforreil from XW to XZ, 

Intkkphktation of Contouh Maps 

. 297. Direction of Ascent and Descent. — In studying a contour 
map one may want to ascertain whether one would go up or down 
hill in crossing contours in a certain direction. This may be done 
either by noting the elevations of the index contours which arc 
successively crossed or by observing the general arrangement of 
all the contours witliuut particular reference to those which are 
numbered. The tatter method is often preferable where index 
contours are nut crossed or where the map is so obscured by 
various features that finding and tracing the index contours is 
difficult. This second method is simple enough if it is remem- 
bcai^: (1) that the contours bend upstream in valleys .(Figs. 346, 
. jiilT} |siuad (2) that the ground must rise away from stream oourses. 
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In crossing a valley the last contour met before reaching the 
stream is the first one to bo passed on the other side of this stream. 
Similarly, the highest contour on a divide between two streams 
must be crossed twice without meeting any intervening higher or 
lower contour. Ordinarily divides are characterized by knobs 
or hills which are shown by clos(»d contours. The innermost of 
such closed contours is the highest. The divide summit is a little 
higher, but less than a (x^ntour inb^rval higher, than this upper- 
most contour. Obviously the position of the divide* summit 
between two adjacent valleys must be determin'd in order to 
avoid the mistake of estimating too great an ascent in passing up 
from the valley floor. 

298. Elevation of a Given Point. — Suppose that one wants to 
know the elevation of a certain point on tlie map. The point 


y 

Fzg. 351. — Ideal profile (icctioni!i of nlorieii. 

may be: (I) on an index contour; (2) on a light contour; or (3) 
between contours. In the first case (a, Fig. 347) the elevation of 
the point may be found by following the index contour along 
to the nearest number which gives its height above mean sea level. 
The second case is illustrated by b in Fig. 347. To obtain the 
elevation of this point, first determine the elevation of the nearest 
index contour, here 200 ft., and whether the point is uphill or 
downhill from this index contour. In the figure, h is on the 
second contour uphill (see stream) from the 200-ft. line. Since 
the contour interval is 20 ft., 6 is 2 X 20 ft. above 200 ft. : t.e., its 
elevation is 240 ft. above sea level. The third case is left for 
the student to explain. In Fig. 347, e may be taken as the point. 

299. Spacing of Contours. — Figure 351 illustrates the relations 
of contour spacing to the steepness and form of a sloping surface. 
A, jB, C, and D are profile sections of slopes. A is steep; B is 
relatively gentle; C is convex upward; and J) is concave upward. 
XY IB the base line for all four. The vertical lines mi drawn 
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from the intersections of the profile lintss with the elevation 
coordinates. The spaces between the verticals arc equal to the 
distances between the contours on a map representing these 
slopes. This diagram shows that, with a given contour interval: 
(1) contours are mor<^ closcdy spac(‘(l on steep slopes than on 
gentle slopes; (2) contours an*, mon; closely spaced at the base 
of a surface which is convex upward, and near the top of a surface 
which is concave upward. When several contours run together 
into a single lin(', this line indicates a cliff, or, if the scale of the 
map is small, a very steej) slope. 

300. Distance between Two Points. — In Fig. 362, ahe is the 
profile of a hill. On a contour map the distance from a to c 
over the hill would be shown by the length of the straight hori- 

b 
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Flo. 352. — Profile Mcrtion of a hill to show lelationn between base line and proiiht lino. 

zontal line de, abc may be called the original of its projection, de. 
Stated in general, any line that crosses contours on a map rep- 
resent/S a distance shorter than the actual distance along the 
original of that line on the earth^s surface. An approximation 
t.o the real distance between two given points may be obtained by 
constructing a natural scale profile section betvreen them and 
measuring the profile line; but this method cannot be quite 
accurate because contour maps can be approximately correct 
only at the contours. Within the limits of two adjacent contours 
the ground may slope uniformly or it may be irregular. 

801. Visibaity.— ] [*>0111 a contour map it is possible roughly 
to determine whether certain points, lines, or areas, are visible, 
in the field, from a chosen station, alwa3r8 on the cteeumptian thoA 
there i» little or no vegetation in the region to obstruct the view. 
In the first p}a6c we state the rules that: (1) on a convex land 
sudaee where the contours are spaced more closely at (he bottom 
y thi|) hill than near the top (299)| points are not intervisible; 
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and (2) on a flat surface, or on a concave surface ( 299 ), points 
are inlervisible, in both cases (1) and (2) in directions acro«« the 
contours. 

To find out whether a distant point, C is hidden or not, from 
the observer's position, *4, by an intermediate high point, -B, draw 
a horizontal line on a chosen scale fo n'present <he distance 



B 

Fia. 353. — ^A, Topographic contour map. Contour interva), 50 ft. Th« observer 
standing at A and looking westward (toward the left) can see the area not shad^ weet 
of Box Creek, provided the land is not forested. The shaded areas are determined by 
constructing skeleton profiles on lines AB, AS, AO, AM, and AS, ^ illustrated by tlie 
two profiles iti the lowjsr cross section. B. 

between A and C, and measure off the distance AB on this scale 
on the horizontal line. Let the lowest of the three points lie in 
the horizontal line. Choose a convenient vertical scale and plot 
the proper positions of the other two higher stations, on this 
scale, above the horizontal line. Draw a strai^t line from A 
through B toward C. If C lies above this line (the line <rf sight), 
C is visible from A. If it lies below the line of sight, it is not 
visible from A. 
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In ascertaining what arcras may ho visil)le from a givcm station, 
Af skeleton profiles of t he type just described may be constructed 
from A across all adja(;eiit critical j)ouits, such as hill tops and 
low points on gaps between hills, and the points at which these 
lines of sight meet the more distant topography may then be 
connected by a flowing line (Fig. 353). 

302. Inclination of a Slope. — The - inclination, grade, or 
^ gradient, of a sloping surface or of a sloping line may be expressed 
as a ratio, as a percentage, or as an angle measured in degrees 


a 



Fio. 3fi4. — Diagratn showitiK the inethodn of laeaHurins a slope. 

from the horizontal. Let P'ig. 354 be a profileTsection of a sloping 
surface, ac, and suppose that ah = 10 , and be — 50, no matter in 
what units, i is the angle of inclination of the surface. In 
travelling the horizontal distance ch = 50, one would ascend a 
vertical distance a6 = 10. The ratio ah /be, or, in this example, 
is an expression for the gradient of the inclined surface. 
It may be spoken of as a grade of 1 in 5. If the division indicated 
in the ratio is performed, and the decimal point m the quotient 
is moved two places to the right., the l esult will be in percentage. 
In the present case = 0.20. By moving the decimal 

point two places to the right, we find that the surface has a 20- 
per cent grade. ^ 

^ Kciui valent angles and per cent grades are tabulated in Appendix XI. 
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GEOLOGIC SURVEYING 
PART I. GENERAL OBSERVATIONS 

Natukk of Geologic Surveying 

303. Definition and Aim . — Geologic surveyin^f a tonii practi- 
cally synonymous with geologic field work or field mapping, is 
the systematic examination of any region for geologic information. 
Its purpose may be economic or purely scientific. If economic, 
the investigation may be somewhat limited in its scope, the object 
being merely to study the phenomena which bear directly on 
some particular problem ; but it is becoming more and more evi- 
dent that the broader the range of any field examination, the 
more accurate and otherwise satisfactory the results are likely to 
be, for the interrelations of geology are numerous and intricate; 
and it is further true that the broader and more varied has been 
the training of a geologist, the more efficient he is in analyzing any 
kind of restricted geologic problem, be this theoretical or 
practical. 

304. Uses of Geologic Surveying. — Geologic surveying is 
fundamental to all geologic knowledge. Its uses are, therefore, 
numberless. It assists the engineer in determining the location 
and cost of tunnels, bridges, aqueducts, reservoirs, dams and 
many other structures. It facilitates the work of the prospector. 
It shows the farmer what kind of soil he may expect to find in one 
place or another. It provides valuable information in reference 
to mining, quarrying, and the production of oil and gas. One of 
its principal advantages is that it locates for the manufacturer the 
most accessible sources of bia raw matc^rinls and so enables him 
to obtain them at a relatively low cost. Finally, it yields to the 
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scientist facts by which he interprets the structure and history 
of the earth. 

306. Diversity of Surveys. — There are many conditions which 
regulate the nature of geologic surveys. Work is apt to be diffi- 
cult in swampy regions, on heavily forested land, and in places 
where the soil cover is thick and extensive. Marked relief and 
high altitude increase the physical labor of exploration, and 
certain climates seriously handicap the geologist. Accessibility 
to towns and railroads is a significant factor. If the field area is 
far removed from civilization, a large supply of provisions has to 
1x5 transported across country and travel is difficult. Where; 
topographic maps have already been published, geologic work can 
be done more easily and more quickly than where such maps arc 
poor or wanting. Then, again, there are such factors as the time 
at the disposal of the geologist, the scale on which the geologic 
mapping is to be done, and, finally, the nature of the problem 
itself. The consequence is that geologic surveys are very diverse 
in respect to their needed equipment, their thoroughness, and 
their manner of execution. 

306. Scope of Geologic Field Work. — Geologic field work 
usually involves: (1) the study and interpretation of rocks, topo- 
graphic forma, etc,; (2) the determination of the location of points 
or outcrops where observations are made; and (3) the plotting 
of these points or outcrops, and of other geologic data, on a map. 
The interpretation of rock structures and topographic fonns we 
have already discussed at some length in the foregoing pages of 
this book, but there remain a few facts of general significance to 
l>e mentioned in the present chapter. The nature and use of 
instruments for geologic surveying will be discussed in Chapters 
XV and XVI. Airplane mapping is described in Chapter XVIL 

Study of Outcbops 

307. Most Ukely Places for Exposures. — The best places in 

wMch to look for exposures of bedrock are precipices, hilltops, 
l^toep biUsides, stream beds, and coasts, along railroads and roads, 
lind Jhi excavations. Cuts in unconsolidated ‘materials 
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may be sought along the banks of streams, along coasts, roads, 
and railroads, and in artificial excavations. 

308. Examination of Outcrops. — The beginner is often at a loss 
as to the best manner of attacking a rock exposure. The writer 
has always advised his students to start by quickly walking round 
and over an outcrop which they have just found, before atteimpt- 
ing to take any notes. In this way they soon gain a general 
idea of the rocks and structures which are exposed, and they arc 
better able to decide what parts of the rock should be examined 
in more detail. Unless this plan is followed much time may be 
wasted. For instance, one may spend several minutes trying to 
determine the attitude of a sedimentary rock where its bedding 
is obscure, whereas further search on the same outcrop may reveal 
a place at which the bedding is distinct and easily studied. This 
method of rapid reconnaissance followed by detailed examination 
is recommended, on a larger scale, for the geologic investigation 
of extensive areas (326). 

309. Discrimination between Bowlders and Outcrops. — Care 
should alw’ays be taken not to mistake large, half-buried bowl- 
ders, such as are common in glaciated districts, for outcrops of 
true bedrock. A safe rule to follow is, never accept as bedrock 
anything that is small enough to be a bowlder, but this is unsatis- 
factory because there are many places in which large exposures 
are very scarce and where the small ones are exceedingly useful. 
It is better to spend some time in studying the questionable 
rock and correlating it with its surroundings. Bedding, joint 
systems, cleavage, schistosity, etc., are apt to have similar, 
though not necessarily exactly the same, character and arrange- 
ment in adjoining outcrops of bedrock, whereas in scattered 
bowlders such structures are usually very variable, especially in 
trend. 

810. Tracing Outcrops. — The mapping of veins, dikes, and 
stratified rocks is best accomplished if these rocks are continu- 
ously exposed so that they may be easily followed. However, 
continuous exposure for long distances is rare* It may be 
observed sometimes where there is great dissimilarity in the 
resistance of the rocks to erosion, the stronger ones then 
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Htitutinfc scarpB (Fig. 327) or ridges (Fig. 328), and the weaker 
ones the adjacent soil-covered slopes or lowlands. The thicker 
the alternating hard and soft members of a series of sediments 
are, the more pronounced the ridges on the harder layers are 
likely to be. If the resistant beds are relatively thin, or if the 
difference in resistance of the several members of a scries is not 
marked, there is more chance that the harder rocks will be locally 
covered with soil. 

Where the edge of a bed, dike, or vein, is more extensively 
covered than it is exposed, the following or walking of the outcrop 
may be very difficult. Under these circumstances the approxi- 
mate position of the concealed rock may often be indicated by a 
particular variety of soil, or by a characteristic type of vegetation, 
or by the topography. As an example of the- last, hard beds in 
a nearly horizontal sedimentary formation may be indicated on 
the hillsides by topographic benches which are continuous with 
occasional outcrops of the bench-forming rock. Mapping of dis- 
tinct belts characterized by certain species of vegetation not only 
may assist in charting the distribution of rock bexlies but also 
may roughly reveal the direction and amount of dip of sedimen- 
tary formations. Another aid In tracing cuneealed rocks is the 
occurrence, in some districts, of moist ground or a line of springs 
along the contact of a lower less pervious rock and an upper more 
pervious rock (see also Art. 812). 

The rvdlking of beds is often an essential procedure in the 
mapping of low-dipping strata (411» H 4; 41S). 

311. Importance of Contacts. — Contacts (14) are of the utmost 
importance in the construction of geologic maps, sections, and dia- 
grams, as well as in the interpretation of underground structure 
and geologic history. This cannot be too strongly impressed. 
It is, therefore, obligatory upon the geologist: (1) to find the posi- 
tion of contacts in the field, and (2) to map them with as much 
accuracy as circumstances will allow. These circumatances are 
factors such sa the time available and the degree to which a 
boundary line may be concealed under superficial debris, 
r betwemi Igneous Contacts^ Unoonfomi- 

Faults. — Sometimes the relations between adjoin- 
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ing rock bodies are so obscure that difficulty is experienced 
in deciding whether their mutual contact is an igneous contact, 
an unconformity, or a fault. Two specific instances should be 
noted, in which one of the three possibilities may be discounted : 
(1) if both bodies are sedimentary, their contact cannot bo 
igneous; and, (2) if both bodies are intrusive, they cannot meet 
in a surface of unconformity. In all other cases, including that 
of an intrusive mass against an extrusive rock, the mutual sur- 
face may be any one of the three types of contact. The problem 
must be approached with a clear understanding of what features 
are to be looked for in association with faults, unconformities, 
and igneous contacts, and then the region must diligently 
searched for whatever evidence it has to reveal. Several phenom- 
ena that may be misinterpreted are mentioned below. 

1. The trend of the boundary line cannot be accepted as a safe 
criterion. Igneous contacts, faults, and unconformities, may 
all outcrop in lines that are straight, undulating, or very irregular, 
although, generally speaking, igneous contact lines, particularly 
of subjacent bodies, are more commonly irregular, and fault 
lines and lines of unconformity are more often broadly undulating. 

2. Apophyses of an intrusive may extend into the country 
rock, but sometimes they are conspicuous for their absence. 
In any event one should look for them. In the case of uncon- 
formities, the younger rock may have filled fissures or chasms in 
the old land surface. Such a filling, if of sedimentary materials, 
can hardly be misinterpreted; but one of lava might be mis- 
taken for an apophysis, especially if the flow were overlain by 
lithified strata (146). As for faults, there can be no finger-like 
projections of the rock of one block into the other unless the dis- 
placement occurred close to a preexisting igneous contact or 
unconformity (147). 

3. Angular or subangular fragments of country rock may be 
contained in an eruptive body near the contact. Likewise 
angular, subangular, or rounded fragments of the rocks below 
an unconformity may constitute the lower layers of the overlying 
formation. However, an intrusive Inreccia has an igpeous matrix. 
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whereas the matrix of a banal conglomerate is sedimentary. 
For the special case of sills, see Art. 146. Contrasted with intru- 
sive breccias and basal conglomerates, fault breccia «oncs are 
relatively narrow and they arc composed of pieces of the rocks 
from both walls (223). 

4, An intruded country rock may reveal evidences of more or 
less contact metamorphism, both by heat and by pneumatolysis, 
and these effects are usually proportional in their intensity 
and kind to their distance from the contact (131, 136). Also, 
the eruptive may exhibit textural and other variations which 
are dependent in character upon the distance from the contact 
(123). Such conditions arc not to be expected in association 
with unconformities. Faults sometimes serve as conduits for 
volatile substances ri.sing from underlying ma:gmatic bodies, and 
these gases and vapors may considerably alter the wall rocks on 
both sides, so that effects in some degree resembling those of 
contact metamorphism may be produced. 

313. Location of Contacts Buried under a Soil Mantle. — A 
contact hidden under surface d^^bris may be located by observing 
the distribution of rock chips and fragments in the soil derived 
from the underlying bedrock, Precision depends upon: (1) the 
inclination of the ground; (2) the thickness of the soil cover; 
(3) climatic conditions; (4) the trend of the contact line; and 
(5) the regularity of the contact. The steeper the slope of the 
ground and the thicker the mantle rock, the farther the loose 
materials may slide from their source before they work up to the 
surface where they may be seen (Figs. 252, 355). If the inclina- 
tion is less than 25*^, sliding is usually not great enough to occasion 
serious error in fixing the location of the contact. Climate has 
various effects. Of these as important a one as any is the action 
of frost in facilitating soil creep. When a straight 'contact line 
runs directly up a slope, its location may be accurately deter- 
mined by the soil method. If it is either oblique to the slope or 
pi4rallel to the contours, allowance must be made for factors (1) 
and (3), above noted. Its actual position is higher than i.s 
in the mantle rock. Bends and angles ot an irregular 
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(contact line are exaggerated by the distribution of rock fragments 
ill the soil. This method proves useful in locating any kind of 
concealed contact, provided the rocks on either side arc unlike one 
another. 




Fia. 355. — Ideal profile sections to illustrate the downhill migration of rock waste in the 
soil. Shaded, bedrock; blank, soil. Rock fragments reach the surface of the soil (e to 5) 
a shorter distance downhill where the slope is moderate (a6 in A) than where the slope is 
Ntncp (a6 in B;) and, on a given Bloi>e, they reach the surface a shorter distance downhill 
where the soil is thin (o5 in B) than where it is thick {a*b* in B). (Cf. Fig. 252.) 

314. Sinuous Contacts in Low-dipping Beds. — In regions where 
the strata have low dips, and the topographic relief is low, pro- 
nounced swings in a contact may indicate anticlinal structure 
if an older formation is partly included between or within a 
younger formation, and synclinal structure if the reverse is true 
(Fig. 356). The swings must not be confused with the normal 
downdip bending or looping of the contacts (and outcrop .belts) 
in valleys (174). 

316. Location <A EnqitiTe Contacts. — ^The line at which an 
igneous rock touches its country rock on the surface of an out- 
crop may be bard to distinguish, even though exposed, cither 
because the two rocks are of like color and texture, or because 
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Hurfaco fltaining due to weathering has unpaired an original 
contraRt in hue. There is only one tiling to do in this case, 
and that is to scrutinize the rock surface very carefully. Form 
the habit of examining one rock inch by inch in a direction 
loward the other, and then you are not likely to miss the divid- 
ing line, provided it is visible. Error is most apt to be made 



Kiq 356. — Map of » oontuct brtwoou two couforniabU fornuitionn The dip is about 
50 ft to the miln southeastward \t a, a shallow synclinal deprcwsiun is suRRested, and 
at 6, an anticlinal uplift M'hv is this so' 


where, by local scalinK or exfoliation, relatively fresh surfaces of 
rook are laid bare next to older surfaces that look different 
because they have been exposed for a much longer time. Do 
not let some crack or the edge of a conspicuous stain mislead you 
iSto calling this the contact, and, on the other band, do not bo 
too prone to conclude that a contact is blended and that for this 
WShoS no line is present (121). 
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Whether or not the boundaries of an igneous body are con- 
cealed, they may often be located and traced by the phenomena 
of contact zones. Thus, if an igneous rock displays a regular 
diminution in the size of its grains in a definite direction, its 
contact is likely to be found in this direction. In Art. 219 is 
explained the value of flow structures and fracture systems for 
this purpose. Great abundan(U‘ of inclusions in an igneous rock 
may signify proximity to the contact, (vspecially to the rcK)f 
of a large intrusive body (batholith, etc.). When once the 
geologist has made out the characteristic variations of the contact 
zones in a given region, he may use this knowledge in seeking 
the same contact where expo.sures are poor or infreipient. By the 
degree of baking, discoloration, or rnincTalizatiou observed on 
outcrops of the country rock, he may be able t,o tell roughly how 
far he is from the eruptive body (162), 

316. Obscure Bedding.— There is hardly need to say that, 
sedimentary rocks should always bo examined for their tedding, 
for if this cannot be found, the attitude of the strata and other 
important facts cannot be determined. Stratification may be 
difficult to see on a rock exposure either because the materials 
were accumulated under very uniform conditions (65), or 
because the rock was metamorphosed (230, 231), or because of 
surface discoloration. Although, occasionally, scHliments arc 
devoid of tedding, perfect uniformity is of rare occurrence. 
The rock which at first sight appears to be structureless is almost 
sure to reveal some degree of lamination upon careful scrutiny. 
When studying an outcrop which is seemingly of even texture, 
look for sandy streaks in conglomerates, for pebbly or fine sandy 
streaks in sandstones, for very fine sandy laminsc in mudstones, 
and for impure streaks in limestones and chemical deposits. 

317. Determination of Strike and Dip of Strata. — Wherever 
strata are exposed, the attitude of their bedding should be found 
(316). In general, we may say that dips of two or three degrees 
and less are more conveniently recorded in feet of vertical descent 
per mile of distance than in degrees (Appendices Xn**XV). 
Such dips are difficult to read by clinometer. They are deter- 
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mined by finding the elevation, above sea level or above some 
assumed datum, of scattered points on some chosen key hori- 
zon] such as the tf»p or bottom of a particular bed. In the field 
an effort is made to trace or u)alk out the key bed (310). Some- 
times it may disappear, either l)ecause it has been eroded away, 
or because it dips below the surface. If it has been removed 
by erosion, elevations may l>e determined on some other bed, 
stratigraphically lower, and to these elevations may be added 
the stratigraphic interval between this bed and the key horizon 
in order to obtain elevations on the latter. If the key bed dips 
below the surface of the ground, its position may be ascertained 
from the records of borings deep enough to reach it (Art. 468)9 
or the stratigraphic interval between it and some higher bed, 
which vM.n be mapped, may be subtracted from elevations on this 
higher bed to obtain elevations on the key horizon. 

Ordinarily, where dips are very low, as above described, field 
mapping is accomplished principally by either the barometric 
method (382-399) or the plane table method (400-414; 416), and 
the geologic structure is represented by a contour map (466). 
Aerial photographic maps are also used for this kind of work 
(Arts. 423, 424). 

If dips are greater than two or three degrees, they are usually 
read by clinometer (334). The actual process of taking strike 
and dip would be simple enough if it were not for the fact that 
bedding surfaces are more or less irregular and rarely conform 
with the surfaces of outcrops. To avoid error the compass 
should never be placed against the rock. Always stand off 
a few feet and endeavor to gain a correct notion of the strike 
and dip by a single observation for a length of several feet of 
outcrop rather than for only a few inches. Where dipping beds 
are exposed on a horizontal rock surface, the trend of their edges 
is their strike; but if they are exposed on an inclined rock surface, 
as they are 99 times out of a IQO, the geologist must appeal to his 
geometric imagination. The same statement holds for dip, 
l^oe emterop surfaces exactly perpendicular to strike are rare. 

cases are iUnstrated in Fig. 367. For convenienoe 
c’the lUiieture is shown in diagrams of rectangular blocks, but it 
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must be remembered that these arc unavoidably much more 
regular than natural outcrops. A, B, and C, in Fig. 367, repre- 
sent three instances in which the dip might be taken as 30® 8, 
and the strike as E.-W. if only the face abed were seen; but an 
examination of another surface, 6r/e, proves that Fig. 367, A, 
alone answers to this suggestion. In Fig. 357, B, the eastward 
inclination of the strata on face hefe indicates that the real dip 
(steepest inclination) is southeastward and the real strike is 
northeastward; and in Fig. 357, C, the westward inclination 
of the beds as seen on face hefe shows that the real dip must 



Fig. 357. — Relations of dip and strike of bedding to outcrop surfaces. 

be southwestward and the real strike northwestward. Figure 
357, D, is another case which may arise. It will be noted in all 
these examples that observation on at least two outcrop surfaces, 
not parallel to one another, and preferably as nearly perpendic- 
ular to one another as possible, is requisite in order to arrive at a 
correct inference as to strike and dip. The chief aim is to 
ascertain the position of the plane of stratification. Points x, y, 
and s, in each diagram, determine this plane. This follows from 
Plane Geometry/ If, on a curved or highly irregular outcrop sur- 
face, pebbles be placed at three points, not in the same straigbt 
line, on the outcropping edge of a given layer, these, pebbles may 
help to visualiae the plane of the bedding. 
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On a small scale this illustrates the principle involved in dip 
determinations made by geometric analysis of elevations found 
by careful methods of field surveying on three separate outcrops 
of the same bod. For example, suppose that a given stratum is 
exposed at A, and C, these being at the apices of a triangle 
and Ixsing so spaced that A, is 500 ft. from B, and C is 400 ft. 
from both A and B, The elevations on top of the same bed at 
A, B, and C, arc determined to 200, 210, and 280 ft. respec- 
tively, above sea level. By the solution of triangles, the true 
dip may l)e obtained. It will lie in a direction from C toward 
a point between A and B, and nearer to A. This method 
of finding dip is more accurate than the measurement of local 
dips by clinometer, where dips arc very low. It eliminates 
the minor variations, common in folded bedfi, and especially it 
reduces tlie errors which may result from local settling (488, 319 
321). We cannot too strongly warn ilw field geologist to guard 
against mistaking original dip (73), cross-bedding (319), and the 
results of soil cn^ep and other mass movements (3, 321), for dips 
caused by actual sc'condary dc'formation of deep-seated origin. 

318. Degree of Accuracy in Taking Strike and Dip of Strata. — 
The accuracy with which dip and strike should be read depends 
upon the nature of the problem in hand and upon the character 
of the folding. In n*gions where dips are low, averaging, let 
us say, 6® or 6°, fold axes are apt to be irregular in trend. The 
strata arc warped and strikes vary notably. In such cases 
dips should be read with an error of less than i®, and strikes 
should be taken with care. On the other hand, where high dips 
point to intense deformation, an error of two or three degrees 
in dip or strike is unimportant, for the actual variations in the 
beds themselves amount to this or even more within short dis- 
tances. In this case pains should be taken to. obtain oorreot 
averages, rather than to make absolutely accurate local readings. 

319. Cross-bedding. — Several types of cross-bedding have 
been deweribed in Art. 84 , In studying outcrops of strata with 
the purpose of determining the dip, great care must be exercised 
tost eross-bedding be mistaken for true bedding. This confusion 

rlis tosi apt to occur in steeply dipping strata than in gently 
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dipping strata, and tho rolntivo orror in llio resulting structural 
interpretation is generally less in lh(‘ former than in the latter. 
One should rememlxji* that the transverse laminifi in a cross- 
bedded stratum may be sc^veral, or ev(m many, fec^t long, so that 
sometimes an outcrop may expose nothing but these (;ross 
laminae (Fig. 358). In ipgions of lo\v-dif)ping Ix^ds, the wisest 
course is to ascertain the structure, not by attempting to read 
strikes and dips at obscure or unreliable outcrops, but by deter- 



Fio. 358. — Vertical section of a Hcrics of irregulaily bedded, nearly horixonial HandHionea 
und Bhflles. The portion (lightly drawn) above a6 haa been eroded away. The black repre- 
aenlH soil. If only the rocks between a6 ami the dashed line e were expo«rt‘d, the croHM- 
bedding might bo mistaken for true bedding. 

mining the elevations at well distributtxl points on some chosen 
bed (key horizon) and then drawing structure contours in refer- 
ence to these o.stablished points (317, 466). This method of 
representing structure by contours also eliminates, to a consider- 
able degree, errors which may be occasioned \\y such cau.ses as 
are described in Arts. 320 and 321. 

320. Bevelling of Outcrops. — In the erosion of some kinds of 
rock, especially of rather soft sandstones, the upper portion of 
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Fia. 358. — Vertical sections of thick sandstone beds (stippiefl), which have been bevelledl 
at their outcrops by ‘erosion. The true attitude of the bi^ in each figure is shown by o; a 
passible erroneous idea of the dip, due to the bevelling, is indicated by 6. The black is e^l. 

the outcrop may be bevelled off so that the exact position of the 
upper surface of the bed is rather hard to determine (Fig. 359). 
This is a source of error which must be considered particularty 
in districts where sandstones are the only satisfactory beds to 
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use in mapping and whom mapping is dono by contouring a k('y 
horizon (466). 

321. Settling of Beds. — Superficial dips, which have no relation 
to the true structural dips of a region, are very common effects 
of uneven sagging and settling of sedimentary rocks. This 
settling is usually manifested in the exposed harder rocks (Fig. 
360). It may be caused by the gradual washing away of an 
underlying clay or silt, or by the removal of an underlying 
soluble material such as salt or limestone. On hillsides, a sagging 
of the beds toward the valley is often seen in regions of moderate 
folding. Every precaution should be taken lest these false dips 



FiUt 300. — CroM taction of strata dipping toward the right, o. Observations at the out- 
crop ot the limestone bed might lead one to suppose that the dip is to the left, h, where sagging 
of the outcrop has been caused by erosion. The black is soil. (See also Fig. 252). 

be misinterpreted for true dips. Where the object is to obtain 
elevations on a key horizon (317), possible errors, which may 
be occasioned by settling, may be reduced by eliminating 
the more doubtful outcrops, or by estimating and allowing for 
the probable amount of settling. 

322. Field Coirelation. — In order to obtain satisfactory 
results in field work, correct correlation of the outcropping 
rocks is essential. The reader can easily understand that very 
serious errors may be caused by mistaking one rock for another . 
which may look like the first, but actually may he quite different. 
E^speoially where dips are low and where, therefore, structure is 
niSpped by contours on a key horizon, a mistake in the correkr- 
tjon the strata may introduce errors in the plotted structure. 
The diould take advantage of any features whidi may 

to recognise and distinguish one rook from another. 
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Rocks are correlated principally by reference to: (1) their 
lithologic character; (2) their topographic expression (footnote, 
page 364); (3) the nature of the vegetation which grows upon 
their derived soils; (4) their stratigraphic sequence; and (o) 
their fossil contents. 

1. In the first place, a rock is recognized by its classification 
as igneous, sedimentary, or mctamorphic. It may further be 
marked by a conspicuous color; by its chemical composition; by 
its texture; by its lithologic structure, such as cleavage, lamina- 
tion, etc. ; by containing concretions recognizable by their form ; 
or, perhaps, by yielding water, oil, or gas at its outcrop. The 
formations above and below a surface of regional unconformity 
may sometimes be distinguished by the difTercnt degrees .of 
metamorphism which they exhibit. 

Features of the kind just cited are helpful, but not final, 
in correlation, for occasionally — referring to sedimentary rocks-- 
two strata may so closely resemble one another that the geologist 
may jump the beds in crossing an area where there are no out- 
crops, that is, he may map one bed thinking he is mapping 
the other. On the other hand, the characteristics of a rock 
may so far change, laterally along the bedding ( 91 ), that two 
separate outcrops of one and the same bed may perhaps be 
entirely unlike, even though they are not far apart. 

2. Topographic expression may be of great assistance in 
correlation, since, if a rock keeps its general nature, it will usually 
affect the topography in the same way wherever it is exposed to 
erosion. Thus, a hard limestone is likely to crop out in distinct 
ledges, or, at least, it will probably cause a bench or a ridge, 
whereas a weaker rock is likely to make valleys. 

3. The vegetation Is apt to be different according as the soil 
may be derived from an underlying shale, limestone, sandstone, 
or other rock. The particular flora characteristic of a certain 
rock must be learned for each new locality, but, once known, it 
may be serviceable in problems of correlation. 

In the last two cases (Hlf 2, 3), the geQl<^dst must watch for 
possible variations in the nature of the rock, for lithologic 
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variations arc bound to be more or less definitely reflected 
by changes in the topographic expression and the type of 
vegetation. 

4. Strata may be correlated in reference to their stratigraphic 
sequence. In Fig. 151, page 199, the similar order of like beds — 
conglomerate, .s^indstone, and shale, from below upward — 
suggests that these three beds are the same at the three outcrops. 
If, at the three localities, the conglomerate were found to rest 
unconformably upon an older rock formation, this relation would 
still further establish the correlation of the three beds. 

5. Some fossil species, or fossil genera, are found through a 
considerable stratigraphic range, whereas others are much more 
liniited in their distribution across the bedding. A species which 
is characteristic of a definite geologic horizoir, and occurs only 
in beds at that horizon, is called an index fossiL Such a fossil 
species may be of great value in the correlation not only of 
different exposed parts of the bed in which it is found, but also 
of overlying and underlying strata which may be referred to this 
bed. Sometimes not one fossil, but a group of fossils, is charac- 
teristic of a stratum or series. By way of example, in Fig. 161, 
the outcrops of sandstone might bo recognized as belonging to 
the same bed because of containing the same fossil species or 
group of fossil species at a, 6, and c. 

Like the other criteria for correlation, fossils are not always 
dependable. Judgment must be exercised in their use. The 
same stratum, which may be rich in organic remains in some 
places, may have few or none in other places. Not uncommonly 
several beds in a formation hold the same fossil species. This 
causes no trouble in the correlation of the formation, but it may 
lead to mistakes in the identification of a particular bed which 
hes been chosen as a key horizon for mapping. 

Another source of error, applying rather to regional than to 
local correlation, is lateral change in fossil floras and faunas. 
This important feature is too often overlooked. One has only to 
compare the conditions and types of modem life, as they vary 
Iroih ^ce to place, to appreciate the fact that lateral variations 
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are to be expected in tonsils within a given bed or formation of 
the same geologic age. On account of some original barrier, 
very different fossil groups may be found in beds of the same age 
at localities not far distant from one another. 

Again, with the transgression or regression of sedimentary 
deposits (78), floras and faunas may have been forced to migrate 
along with their shifting environment. The result is that we 
may have a transgression of a fossil flora or fauna diago- 
nally across a formation or group of formations, much as a basal 
sandstone may diagonally cross successively higher and younger 
formations. For this reason 
we may sometimes find the 
same fossils in beds of different 
age at more or less widely 
separated localities.' 

323. Attitude of Contorted 
Strata. — A word of caution may 
be given in reference to taking 
the dip and strike of contorted 

• 11 viKt. oi»i. — C7r«i.iwii ui iww wyorn in n ron- 

Strata. rigure oul is a local turted nchut. The section is drawn lookinK 
vertical section of two layers in “"*'^** 

a series deformed by minor similar folding. The small folds 
are from 1 to 5 ft. from crest to trough and the dips of their 
limbs are approximately 48® W., oo, or 82® K., hh. Yet the 
general inclination of the strata is neither 48® W, nor 82® E. It 
is indicated by the double-headed arrow and is about 33® W. 
Evidently dips which are measured on the limbs of minor folds 
cannot be used for the major structure. The same is true, but 
to a less degree, of strikes. In dealing with highly crumpled 
sediments the geologist must be careful to discriminate between 
principal and subordinate folds, and he must not record angles for 
the minor folding, which he intends to use in sections and maps of 
the major structure. 

S24« Attitude of Eruptive Contacts. — The. position of an 
igneous body with reference^ to horisontality and to structure 

' For a more lengthy diacuBsion of this Auhje<«t, the reader is referred , 
liibliog., Gkabau, a., Chapter XXXII. 
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in the adjamil rocks can l>c asccrtaiicMl by studying the atti- 
tudes of its contacts. TIu' dip and strike of flows and of uniform 
dikes and sills may lx* obtained bv (‘linometei* and compass 
just as in the case of strata (317). It is important to remem- 
ber, howev<*r, that even the straighte^l intrusive sheets, as 



I lu 3(>2 ~Apptttent in t'wo outiropH of a dikt of winch thi Hliikt*, wluno ohscTveil 
i-s puialM lo <hi* flout t'ligc of tlu lilock V-pattern dike lock iii hoi tioii , Htippling 
ulliivuini 

» 

seen in cross section (vertical, horizontal, or inclined), not 
uncommonly have* jogs or cdbow-bends, the (‘ffect of which, 
if the bcuuls are all on th(» same side, is like that of transverse 
faults with th(' offset always in the same direction. One part 
of the sheet mav b<» far out of line with another part (Figs. 
3«2, 3C3). 

In obtaining tlu' trend or the inclination of very irregular 
contacts, like thos(^ which are typical of many batholiths, chono- 



KiP 303 — Kxplanatiuii of tho uppaicnt uIThH ^hown in lig 302 the soil having heen 
lunoved and the tup of tin* hloik being "epie'ienti d aa t hoii/imtal plane 


liths, etc., the degree of precision necessar> must be determined 
l)y the geologist. Just how much he may generalize the line 
deptuids largely upon the scale of the map on which he is plotting. 
For instance, ho may disregard local turns and angles 160 or 200 
ft. dei'p if his map is on a scale of 1 mile to an inch. Neverthe- 
less, observe that this statement does not signify that the details 
of such a contact are not to be studied. Not only should they 
be carefully examined, but also their shape and other characters 
be illustrated by large scale plans and sketches made in 
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After a contact ha« been located for a considerable distance 
and its line of outcrop plotted on a topographic map, its general 
attitude may often be made out from an inspection of this map, 
as explained in Art. 476. 

Attention is here called to Art. 162, where mention is made of 
the value of field studies of flow structure and of fracture sys- 
tems in and adjoining intrusive igneous bodies. 

ScHKDTTLE FOR FlELD OBSERVATIONS 

326. General Data to Be Observed and Recorded. — Many of 
those who are engaged in geologic work, particularly in the 
earlier years of their training, find that a table of the facts which 
should be looked for in the field is often V(^ry helpful. Excellent 
schedules may be found in Hayes’ ‘‘Handbook.”^ They i*efer 
to the description and interpretation of land forms, to petrology, 
geologic structure, glaciers, and glacial deposits, ores, building 
stones, and other materials of economic worth. For general 
purposes, however, the following outline may be found useful. 

Schedule for Geologic Surveying 

Topography. — Note: Relief; shape and arrangeitu^iii of uplands and low- 
lands; relations of topographic forms to rock distribution; destnictioiial or 
constructional origin; evidences for agents and processiis of oroHir>n and fcir 
stage of development in erosion cycles; effects upon human activities. 

Rocks. — 1. For any ouicroy, note: Color, luster, grain, and irregularities 
of surface; shape, size, and arrangement; distribution with relation to 
topographic forms. 

2. For any rockj note: Its texture, mineral composition, name, kind and 
degree of weathering, and the color of its fresh fracture; relations to other 
rocks as regards structure and age. 

(o) If an igneous rock, note further: Mode of occurrence; attitude (for 
dikes, sills, etc.); fractuu* systems; lithologic stnicturcw (flow structure, 
schliers, primary gneissic structure, segregations, etc.); contact relations; 
contact metamorphism; and, inclusions (kind, shapts size, arrangement, 
and source). 

(6) [f a sedimentary rock, note further; Mode of occurrence (bed, lens, 
clastic pipe, clastic dike); attitude; breadth of outcrop; degree of con- 
solidatioii; composition, shape, size, and arrangement of constituents in 
fragmental rocks; lithologic structures (crosa-hedding, fipjde-tnarfc, mud 

* Bibliog., Hates, C, W. 
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cracks, local unconformity, cont/CmporaneouH deformation, etc.); kinds, 
attitude, distribution, and abundance of fiissils; and stratigraphic'sequence. 

(c) // a tneiarmtrphic rack, note further: Kind and degree of metamor- 
phism ; any preserved original Rtructures {sea igneous and sedimentary rocks, 
above); secondary lithologic striMdures (slaty cleavage, plane schistosity, 
linear B(;histosity, gneissic structure, etc.); attitude of structure; relations of 
original structures to secondary structures; classification of original rock 
before metatnorphism. 

(d) /fa veiUj note further: Its shape, size, attitude, and relations to the 
(vall rock and to the topography; species, arrangement, and relative amount 
of mineral constituents. 

Structures. — 1. For unconformiticH, note: Kind, extent, and nature of 
surface; relations of the two unconformable formations; kind and source of 
basal sediments of the younger formation; age relations. 

2. For folds, note: Shape; dimensions; classification; major or minor; 
parallel or similar; with horizontal or pitching axis; relations to topography; 
relations to rocks; relations of minor to major folds; age relations. 

3. For faults, note: libetent, attitude, shape, classification as far as c‘an be 
observed; sUckensides, gouge, brecciation, drag, etc.; expos'^d rocks on each 
side of fault line; amount and direction of visible displacement; relations to 
other structures (bedding, folds, joints, etc.); relations to topography; age 
relations. 

4. For joints, note: Extent, attitude, shape, spacing, regularity, classifica- 
tion; rocks affected; relations to other structures; relation to topography; 
age relations. 

The foregoing outline will probably not fit all cases, for geologic 
relations are almost infinite in their variety. The best rule is, 
search for anything and everything of geologic interest and record 
all you see. Do not overlook surficial deposits merely because 
they are unconsolidated. All earth features are but parts of a 
whole, and you can never tell when seemingly trivial things are 
going to furnish decisive evidence for the solution of important 
problems. 

General Suggestions 

386. Beginning a Field Problem.- -A few words may be added 
here in rderence to be ginning fi^d problems. Srnne fi^ts con- 
cerning the equipment and managemtmt of large parties and pro- 
surveys may be found in Hayes’ “Handbook.”' Ele- 
- HATn», C. W. 
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iiicntary studies, let us say underKraduaie field work, should 
be approached without any previous knowledge of the locality. 
In this way the student can be trained to observe on his own 
initiative. More advanced work, of postgraduate grade, and all 
professional work, should be preceded by reference to the avail- 
able geologic literature on the region. It is important to learn 
all that is possible of the results of earlier investigations before 
going into the field. The geologist should know where to look 
for the writings of others. For this purpose the “Bibliography 
of North American Geology/^ published by the United States 
Geological Survey, is of inestimable service.* Other valuable 
lists of books and short(ir papers are usually given as bibliog- 
raphies accompanying such publications. 

In the search for information on an area to be examined in 
the field, one should give consideration to the following points: 

1. The name, character and geologic age of each of the forma- 
tions exposed. 

2. The names and geologic ages of formations which may 
underlie the exposed formations. 

3. The structural and genetic relationships of these formations. 

4. The average or approximate thicknesses of sedimentary 
formations. 

5. The normal or average regional dip of such formations. 

6. Thfe amount and direction of any thinning or thickening 
which, may have been recognized in sedimentary formations. 

7. The topographic and physiographic conditions in the region, 
and the relations between these conditions and the various 
formations. 

Passing over the details of equipment, preparation of the note- 
book, choice of hotel or camping site, etc., we are brought face 
to face with the actual field work. What is the best thing to 
do first? To plunge right in at the outset and make a careful 
traverse is a rather blind proceeding. It has to be done some- 

1 This Bibliography comprises the following Bulletins of the U. 8. Geo- 
logical Survey; 746 , 747 , 688 , 684 , 866 , 666 , 668 ^ See also the Annotated 
Bibliography of Economic Geology, publtriied by fieonomlc GeploiEy Pub- 
lishing Con^liipy since 1^. 
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tiniea, but only when time is very short, or when the work is to 
be restricted to a definite route. Ordinarily several hours or 
days, depending upon the magnitude of the problem, should be 
spent in going over the area rapidly, for by such a reconnais- 
sance one can learn enough about the frequency of exposures and 
about the nature of the rocks and probable underground struc- 
ture to enable one to plan a systematic mode of carrying out and 
completing the entire investigation. Several days may be saved 
in this way. After the preliminary reconnaissance the geologist 
may continue with the more detailed surveying according to one 
or another of the methods outlined in Chapters XVI and XVII. 

327. Collecting and Trimming Specimens. — In these days of 
sedulous laboratory study comparatively little can be learned of 
the true nature of rocks in the field. Hence the necessity of col- 
lecting specimens. Judgment must be exercised in doing this. 
Do not bring in chips from the surface of a weathered exposure. 
Get as fnish a fragment as possible, for the classification of a rock 
cannot always be made from the products of its decomposition. 
Kepresontative sami)los, typical of the rock, should be selected. 
If time is pressing, irregular fragments may be collected. Other- 
wise the specimens should bo trimmed to a flat rectangular shape, 
either 4 by 5 by 1 in. or 3 by 4 by 1 in. They are then called hand 
Hpemmem, The width and length should be measured with con- 
siderable exactitude, but the thickness may be somewhat variable. 

In trimming use the flat end of the hammer head. Break the 
fragment down until its dimensions are half an inch or so greater 
than they are to be in the completed specimen. Finish by strik- 
ing it on its edges, not on its faces (Fig. 364). In this way chips 
fly off sideways, and from both faces at the same time, the frag- 
ment is trimmed to a thin straight edge, and the strain of the 
imf^ot is taken up by the width or length of the specimen instead 
of hy its thickness. 

If a rock is to be thoroughly studied it must be examined 
by the petrographic microscope and must be chemically analysed. 
For the microscope thin sections have to be cut. Therefore, in 
^ ordcf to avoid sawing into the hand specimens, a geologist usually 



GEOLOGIC SURVEYING 


n: 


tak(is, in addition to these', a small chip of every roek that h(' 
thinks will need to he seetioned. Of any ro<*k that- he considers 
deserving of chemical analysis h(' collects st'vc'ral pounds; hut. 
chemical analysis is seldom undertaken, unless with some* special 
object, on account of the expcuise. 

Hand specimens and chii)s wnd be wrapped in j)ap(‘r hags to 
prevent their scratching and bruising oiu* another. 

A badly bruised specimen is almost worthless. A 
label bearing the name, number, and lo(;ality of each 
specimen should be wrapped up with it. Do not mark 
the specimen itself. Labelling must he done at the time 
of collection, 

328. Taking Photographs. — In many respects plu^l o- 
graphs are the most valuable means of geologic* illustra- 
tion . Miniature cameras, especially the bet (4*r grade's , 
are excellent for recording many features that might 
be overlooked, or might be slighted, in the field notes. 

Original photographs can be enlarged and used to 
illustrate finished reports. For distant photography, 
the best results can be obtained only by employing 
special films and ray filters. Stereoscopic and 
panoramic views are very much worth while. Koda- h V m mTi 
chrome may be used to record the colors of rocks, 1*,^**^' rock 
soils, and vegetation. * c • »• « ** . 

Do not take a picture merely because it shows «’r * poTI- 
something within your area of investigation. ChoosiJ tVimmin*! ^ ^ 
only such views as have a definite bearing on the sUl> 
ject in hand. It is best to photograph very irregular rock sur- 
faces on a dull day, for the shadows made by projecting edges 
and comers on sunny days appear on the print as black patches. 
Not infrequently contact lines and other rook structures are 
exposed on granular, pitted, ribbed, or scratched surfaces. If 
one's aim is to bring out the grain, ribs, etc., take the picture on a 
bright day when the sun is rather low so that these minor irreg- 
ularities will cast shadows; Imt if the structures are to be 
emphasised, the photograph should be made on a cloudy day. 




4^18 


FIELD GEOIjOGY 


111 spills of till* fact tliat Uw* sulijcct of th(‘, pirhiro sliould 
1)0 of gi‘ologio iuU'roHt., tho view should bo taken in sucli a way 
as to sc'curo an artistic balances Experience has demonstrated 
that Uie lialanco is b(fsl attained in tho following mannen*: 
IrnagiiH^ that the field of tlu* i)icture is divided by two vertical 
liru^s and two horiz^mtal liru's into niiK* ecjual spaces (Fig. 305). 
These lines, and jiarthailarly the iiitorseidions of these lines, are 
the strong parts of a jiieture. One should aim, therefore, to 
place the (iatnora in a position such that: (1) the prominent 
upright lines or objects (trees, edges of cliffs, etc.) in the view 
will fall along the vertical division lines (aa, 66, Fig. 365); (2) 
th(‘ promiru'nt horizontal linos or objects (horizon lino, etc.) 
will come on th(^ horizontal division lines (cc, dd, Fig. 365); and 
(3) the principal centers of interest or the conspicuous centers of 

light or of shadow will be at the 

^ intersections of the division lines. 

It is not necessary that there should 

c features in the picture coinciding 

with all the division lines and their 

^ inU*rsections, but merely that those 

impurlaiit objects which are pres- 

should be arranged as above 

^ 6 described. 

F,o. »d point. ggg How Much ShaU Be Under- 

taken in the Fi^ld? — “How much 
shall be undertaken in the field? is a question which 
deserves consideration. An inexperienced geologist is often 
tempted to do little more than tramp over the ground and record 
what he sees at the moment, leaving the rest to be done in the 
office after the field season closes. This is very poor policy. 
When this man, two or three weeks or months later, sits down to 
prepare his geologic maps and reason oat the geologic structure, 
he will soon discover that he cannot remember j\ist where he saw 


this thing, just bow that one looked. Indeed, either he may 
haire to go back to the district next field season or he may have to 
a report that is lacking in certain details, some of which, 
|M^hap6, are very important. 
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Tlie moral of this is that you should accomplish in the field 
all that is possible. Make your geologic maps and sections, 
and draw your sketches, plans, and block diagrams. They do 
not have to be finished for publication. Thc}^ may be done- 
in fact, they should be done in the field- -in pencil, black or 
colored. You will find that this preliminary drawing will be 
of the greatest assistance in showing you what you have omitted 
and what you should reexamine, if possible, bt^fore you leave 
the region. Write a summary of your notes every night, or at 
least at the end of every week. This will stimulate new' ideas 
and reveal deficiencies or errors of interpretation which may need 
attention before the completion of the work. 

330. Degree of Accuracy in Field Work. — Bric^f mention has 
been made of the question of degrc'c of accuracy to be sought in 
field work (306, 318, 324). This is an important matter for 
consideration in advance of. and during, most kinds of field 
(jxploration. It also applies to the preparat ion of the final maps. 
Rules W'orth remembering are: (1) For any map no greaUu* degree 
of i)rccision is desirable or necessary than is commensurate w’ith 
the scale of the map; a?id (2) For any map no set of data need he 
charted in the field by a method more precise than the methods 
applied in charting the other sets of data for this map. 

Possibly these statements are obscure. To be specific, where 
low-dipping formations are to be contoured (289) with a contuur 
interval of, let us say, 50 ft., application of a field method of 
mapping elevations to a final limiting error of 1 or 2 ft. would t>e 
w’aste of time; An error of as much as 10 ft. would not be 
serious. And, similarly, for such a map, too great exactitude in 
horizontal location of points used for contouring would not be 
warranted. The whole endeavor should be to see that vertical 
and horizontal controls, the location of geologic features, and the 
scale of the final maps and sections are all reasonably related to 
one another in degree of precision or, to express it in another 
way, in permissible limit of error. 

These remarks are made here so that they may be kept in mind 
in reading the chapters that follow (Arts. 36^ 988| 397, 

398, 399, 409, 418, 417). 
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PART II. INSTRUMENTS AND OTHER EQUIPMENT USED IN 
GEOLOGIC FIELD MAPPING 

331. The Compass and Clinometer. -The compassi with its 
clinoinotor attachment, is indispensable for geologic field work. 
The (lurh y and Briinton compasses are the types most commonly 
employed. 

The (inrhy rompans is provided with a square metal base, a 
pendulum (swinging) clinometer, folding open sights, and a 
rectangular spirit level. The edges of the base are bevelled, 
two being graduated in inches, and two in degrees of arc for use 
as a protractor. With the sights turned up, this instrument may 
serve as a short open sight alidade (347). The pcmduluin clinom- 
eter is excellent for Heading dip^, but is not always satisfactory 
for determining slopes. 

The Brunton conipaas is comprised of an ordinary compass, 
folding open sights, a mirror, and a rectangular spirit level clinom- 
eter. It cannot be employed as a protractor and it is unsatis- 
factory iis an ojien sight alidade. The clinometer, which is 
operated by a short arm on the back of the compass box, serves 
lietter for taking slope angles than for taking dips. 

332. Use of the Compass. — Direction and strike (12) arc 
measured by moans of the compass. Concerning the use of this 
instrument, there arc certain rules and facts with which the 
beginner'must familiarize himself at the outset, 

1. Degrees for direction and strike are road on the outer circular 
dial. 

2. In taking direction or strike, hold the compass so that its 
face is horizontal and its ^'length,” i.e., the line between the 

420 
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letters, “N*' and '‘9,'*on the dial, lies in the direction of the strike 
(Fig. 366, A, arrow). 

3. When the needle is at rest it points in a constant direction 
for any given locality. Hence readings should be made from one 
or the other end of the needle, and not from the letters 

“S,” or “W,’' printed on the dial. Thus, in Fig. 366, A, 
the compass length, or line between the letters and *‘S, 

lies in the NW. and SE. quadrants and thus indicates a NW.^SE. 



Flo. 36G.'- Diagranin to illuntrstf^ tho U8« of the c<»uipaHfi. Dotted Iin«% “Iriifctli of roiiifmwM'*; 
dafhed line, true north-tiouth Uni*.' 


direction. This is suggested by the position of the needle 
between and “W,” and between “S” and '‘E. ” 

4. Strikes and directions are to be recorded exactly as one reads 
the compass. If the instrument is in the position shown in Fig. 
366, A, and one is looking in the direction of the arrow, the north 
end of the needle, being the nearest end to this line of sight, 
should be noted first. Next should appear the angle or number 
of degrees between the needle and the retjuired direction, and 
finally is written the direction in which this angle was measured 
from the needle end. If the angle is 30^ in this case, the strike 
is N. 30® W. 

5. All readings are made from north and south, or sometimes 
from north only, but never from east or west. Thus, the strike 

i Note that the letters and “ W" are reversed so that needle will 
lie between the letters which dddipiate the quadrani in whkih the bearing 
is taken. 
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mentioned in t he last paragraph would not be recorded W. 60® N. 
A din^ction IW cui«t of south may be written S. 30® E. or N. 150® 
K„ but not E. 60° S. 

6. A l>earing made as just/ described is spoken of as magnetic. 
There is nearly always a correction which has to be made for 
this compass reading because the needle seldom points to the 
true north. The compass north (magnetic fiorih) may lie a vari- 
able number of degrees to the east or west of the true north. 
East of the aero isogonic line (Plate I) magnetic north is west 
of true north (west declination)^ and west of this line magnetic 
north is cast of true north (east declination). Suppose, in Fig. 
.StiO, A, that true north is 15® to the east of magnetic north (and, 
therefore, that true east is 15® south of magnetic east, etc.); 
the true bearing is then 30® + 15® to the west of true north, or 
N. 45° W., instead of N. 30® W. Similarly a magnetic bearing of 
S. 30® E. would become a true bearing of S. 45® E. If the compass 
reads N. 55° E., as in Fig. 366, B, obviously one must subtract 
the correction of 15® and the true bearing is then N. 40® E. Like- 
wise, S. 55® W. would he corrected to S. 40® W. All cases are 
covered in the following rules: If true north is to the east of 
magnetic north, to all magnetic bearings in the NW. and SE. 
quadrants add the correction, and from all magnetic bearings 
in the NE. and SW. quadrants subtract the correction. If true 
north is to the west of magnetic north, add the correction to NE. 
and SW. readings and subtract it from NW. and SE. readings. 
Additions and subtractions are algebraic. (How would you 
correct a magnetic bearing of N.-S.? of E.-W.?) 

Since the magnetic variation is not the same for different 
localities and since it changes gradually from year to year in any 
given locality, one must ascertain the proper correction for 
any place iatrhich geologic field work is to he performed (Plate I). 

7. Be scrupulotisdy careful not to have your hammer or any 
other steel near the compass while making observations. Mag- 
netic ore, steel nails, electric wires, etc., seriously affect the needle. 

In reading directions, the dgbts oi the Gurley and Brunion 
^^^I»|Sse8 increase the accuracy ai the results. The Gurley, 
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lowever, must be* placed on a horizontal support, such as a 
3lane table, whereas a Brunton can be held in. the hand. This is a 
listinct advantage of the latter instrument, where a plane table 
s not desired. To read the direction to a distant object, hohl 
he Brunton compass level, with the mirror nearest you and the 
pen sight away from you. The sight should stan<l vertical and 
he mirror should be tilted at such an angle that the sight, and 
he distant object can both be swm reflected in it. With the 
eflected object and the slot in the sight both bifM‘ctetl by th<! 
Toss-hair in the mirror, read the compass angle and so determine 
he required direction (4-6, above.) 

333. Setting the Compass. — In both the Brunton and Gurley 
jompasscs the dial can be so adjusted that, for a given locality, 
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307.“-* Diagrams illustrating the method of Matting tlip compass dial for tnii* rf'aditigs. 

Dashed liue, true north-south line. 

» 

-rue instead of magnetic bearings may be read directly. In 
^'ig. 367 the dashed line represents the direction of true north, 
tere assumed tp be 20° to the east of magnetic north (the north 
nd of the needle). As shown in Fig. 367, A, the magnetic 
ending is due north and south, and the corrected reading is 
20° W., for the “0” on the dial is 20° to the west of true north, 
•f the dial is turned in the compass box 20° to the west, and the 
leedle and box are in the same relative position a» in Fig. 367, 
the bearing when read directly will be N. 20° W. (Fig. 367, B). 
.c., the “0” on the dial will now be 20° to the west of the needle, 
ienee, the rule for setting the compass is this: rotate the dial 
hrough an angle equal to tfae^ magnetic declination (the angle 
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l>etween magnetic and true north), westward if true north is to 
t he east of magnetic north, and eastward if true north is to the 
went of magnetic north. Do not overlook the fact that magnetic 
declination is usually different in different regions. 

334. Use of the Clinometer. — The clinometer is used for 
measuring vertical angles of slope and dip. The compass box 
must l)e held with its plane vertical. If the clinometer is of the 
pendulum type, the angle will be indicated on the inner, nearly 
semicircular scale, where the swinging pointer comes to rest. 
If the clinometer is of the friction type, as in the Brunton, the 
angle will be read on the inner semicircular scale opposite the 
zero of the vernier, after this has been properly set as described 
below. 

1. In taking the dip, hold the compass vertically with its 
length parallel to the outcropping edge of the stratum and its 
face in a plane perpendicular to the strike. ‘‘Care must be taken 
to have the eye as nearly as possible in the extension of the 
plane whose inclination is being measured, and to sight on a 
horizontal line,^'^ the strike lim. If the compass is a Bninton, 
while holding it with its plane vertical and perpendicular to the 
strike, and with its long edge apparently coinciding with the 
bedding, turn the clinometer arm until the bubble in the longer 
level is centered. Then read the angle of dip on the inner dial. 

2. In recording dip, the vertical angle from the horizontal and 
the direction of inclination must be noted. Dip is always meas- 
ured downward. If the strike is JJ.-W., then the dip may be 
either northward or southward. If the strike is N. 50° E., the 
dip may be northwestward or southeastward. It is necessary 
to give only the quadrant in which the dip lies, for the exact 
direction can be determined from the strike, since the direction 
of the dip is always perpendicular to the strike. A record of a 
strike of N. 26° W. and a dip of 45® (downward) toward the NE. 
is written, N, 25° W.; 45° NE. Observe that the 45° NE. does 
not mean N. 45° E. ; it signifies a vertical ande of 45° in a imnera] 
northeastedy direction. 

> BihliOff * Hay«s» C. W., p, 24. 
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A Brunt^n compass may be employed in other ways. To find 
the angle of a slope, while looking up or down the slope, hold the 
Brunton with its plane vertical and parallel to the direction in 
which you are making the observation, and with the mirror 
farthest from you. Open the sight at right angles to the plane V)f 
the compass and have the mirror about three-quarters closed. 
Look simultaneously through the open sight and the peep hole 
near the base of the mirror at a point, up or down the slope, which 
is as high above the ground as your eye, and bring the point, the 

VomcAk Cldmtion 



Fia. 368. — Determination of thiekncaa of inclined bedn. (After D. V. Hewett.) 

center line of the open sight, and the cross-hair of the mirror into 
alignment. Then, without changing position, turn the clinom- 
eter arm until the bubble in the longer level is centered, as 
seen in the mirror. The angle of slope will be indicated at the 
point on the inner dial of the compass opposite' the zero of the 
clinometer vernier scale. 

Sometimes the Brunton may be used to verify a supposed 
slight dip or slope. In this case, set the vernier scale with its 
zero against the zero of the inner dial, and sight at the question- 
able dip or slope across the top edge of the compass as above 
describ^. The supposed dip is proved to exist if the bubble 
does not move to the center. 

The Brunton may be of snviee in measuring^he tibicknnw of 
indined beds. In Fig. 368, "the geologist stands at A, the base 
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of the section to be nieiisuml The clinometer level of the 
Brunton compass is turned to equal the angle of dip of the beds. 
When, therefore, the observer looks through the sights, he 
observes a spot on the ground that is the distance AC = BD 
stratigraphically higher than the point A at which he stands. 
Now BD =» AC = AE • cosine of the angle of dip = AE • cos x, 
and AE is constant for each observer. If, therefore, he prepares 
a table such as that given below, in which AE = 5.25 ft. he 
can readily determine the proper unit for each degree of dip. 
From A he will go to B and repeat this procedure, and so on to 
the top of the section. The sum of the distances, equivalent to 
AC — BDf will be the required thickness. 


Table of Thickness Values for Stepping with Inclined Sight' 


Dip X 

AC ^ AE X 

COM X 

Dip = X 

AC = AE X 

cos X 

0 

5.25 

22 

4 86 

2 

5.24 

23 

4.83 

4 

5.24 

24 

4.79 

6 

5.23 

25 

4.75 

8 

5.20 

26 

4.72 

9 

5.18 

27 

4.67 

10 

5.16 

28 

4.63 

11 

5.15 

29 

4 59 

12 

5.13 

30 

4 54 

13 

5.11 

32 

4.45 

14 

5.09 

34 

4.35 

15 

5.07 

36 

4.25 

16 

5.04 

38 

4.14 

17 

5.02 

40 

4.02 

18 

4.99 

42 

3.90 

19 

4.96 

44 

3.77 

20 

4.93 

46 

3.64 

21 

4.90 

48 

3.51 


> AfUr HawBTT, op, 

3^,.. Th* loeke LeveL — ^The L>dke level consists of a straight 
jktbe or barrel about 5 in. l<nig and ^ in. in diaraeter, 
^ Hswnnr, D. F., 1930, pp. 383, 384. 
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which the observer holds horizontal as he looks through it. 
Attached near one end is a small spirit level, to be held uppermost 
when the instrument is in use. Under the level tube, inside the 
barrel, is a mirror which covers one-half the field of vision, up 
and down. It (the mirror) is inclined at such an angle that the 
observer can sight through the barrel at a distant object, and, at 
th(^ same time, see the bubble reflectcnl in it. When the bubble 
is bisected by the horizontal cross-hair, a distant object which 
appears t o be opposite the middle of the cross-hair is at the same 
level as the observer’s eye, provided the instrument is in adjust- 
ment. The geologist should know the height of his eyes above 
the ground. 



Fig. 369. — Profile spction of a sIoik*, ilUiHt.rating the nU'tluKl of finding diiTereiicr^ of eleva- 

tioiia by hand level. 


The Locke level may be employed as indicated in Fig. 
ag is a hill slope. Standing at a, and being careful to hold the 
level so that the bubble is centered, the observer looks through the 
tube at some point, 6, at the same elevation as the instrument ; 
i.e., a*b is horizontal. He then proceeds to 6, noting the distance 
ah, and repeats the process at b, looking toward c. The height 
of the instrument, oa' is known. Hence the elevation of g 
above a is, in this case, 6aa'. 

386. The Abney Level. — ^The Abney level (or pocket altimeter) 
has a graduated vertical arc in addition to the tube and spirit 
level. With the arc set at 0® it can be employed just like the 
Locke. The Abney can also be used as a clinometer. In Fig. 
370, abed is a slope with a change at b and another at e. The 
observer stands at a with the instrument at a', and, sighting 
through the tube at 6', at the elevation bb' an' above the 
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ground, he simultaneously rotates the spirit level until the bubble 
is centered. The angle of the slope, Zb'a'/, may then be read 
directly from the graduated arc. The height of 6' above h 
is generally estimated from a by eye. It may be obtained 
with greater precision if an assistant at h holds a rod known 
as a grade rod, having the proper length, aa', indicated upon 
it. At h the observer sights at c' and reads the slope angle, 
^c'b'g. Notice that these readings arc always made at changes 
of slope. At c he would sight forward to a position on another 
change of slope, and so on. 

e 



Fio. 370. — Profile neotion of a elopo, illustrating the method of finding slope angles by 

elinometer. 

337. Th« Telescopic Hand Level. — The telescopic hand level 
is essentially a hand level provided with lenses for magnification 
of distant objects and with stadia hairs for estimating distances. 
At the end held away from the observer it can be focussed on the 
object, and at the end nearest the observer’s eye it can be 
focussed on the stadia hairs. These hairs are usually spaced on 
the ratio of 1 ; 100, f.e., so that an object 10 ft. high and 1,000 ft. 
distant will appear to be just included between the two outer 
(stadia) cross-hairs. Consequently, if the horizontal distance 
between the observer and the object is known, the height of the 
object can be determined; and if the height of the object is knowp, 
its distance can be obtained. By the use a graduated rod, held 
at the distant statton by a rodroan, fairly precise iueusuremeut§ 
(rf luffizontal distance can be made. 

SS& AdjttStmMt Hand Levels. — ^Any hand level may be 
.tested for -its accunu^ as follows: choose two treesi fence posts, 
e0tber^)ieot8 at about tite same levd and several hundred feet 
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apart. On one, set a mark which will bci visible from the other. 
Hold the level at this mark and carefully sight at the other 
tree (or fence post, etc.), noting a point which is cut by the 
cross-hair while the latter bisects the image of the bubble. Go 
to the second tree and, with the level against the observed point, 
sight back at the mark on the first tree. If, now, the bubble is 
not bis(icted by the cross-hair, the level is out of adjustment. 
To correct, turn the screws at the end of the level tube until the 
apparent error in the position of the bubble is halved. Go back 
to the first tree and repeat, if necessary. 

339 . Comparison of Hand Levels. — The Abney level is seldom 
used in ordinary geologic field work. Of the Ijocke and tele- 
scopic (stadia) levels, the latter is more accurate than the former 
for short sights, provided, of course, that the instruments are in 
perfect adjustment. In the case of either instrument, the relative 
error is similar for shori or for long sights, but the absolute 
error is greater for long sights. 

340 . The Aneroid Barometer. — An aneroid barometer is a 
case containing a metal vacuum chamber which responds to 
differences in atmospheric pressure. By a mechanism within the 
case, changes of pressure arc communicated, very much magni- 
fied, from the vacuum chamber to an index needle which rotates 
over a circular dial. In view of the fact that atmospheric pres- 
sure diminishes with increasing attitude above sea level, the dial 
is provided with an outer scale in feet of elevation and an inner 
scale in inches of mercury. The smallest subdivisions of the 
former scale are usually 10 or 20 ft. Smaller values may be 
estimated. 

Some instruments have the scales fixed, with the zero of the 
scale in feet opposite 31 on the inch scale, whereas others are 
constructed so that the outer scale is movable against the inner. 
If the geologist has an aneroid of the latter kind, be should be 
careful to keep the zero mark in feei against 31 in. Otherwise 
he may introduce considerable errors into his rea4iBgs for the 
reason that the divisions of the idtitude scale are not of uniform 
sijse, but are progressively smaller from zero to the tipper registry 
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of the instrument. Tlrulor normal atmospheric pressure, 31 
in, represtuil-H an (4evation of 890 ft. below sea level. The 
zero point of the nltitude scale was chosen arbitrarily as equiva- 
lent to 31 in. on the pressure scale so that the needle would 
seldom, by rises of atmospheric pressure ( 388 ), go as low as 
zero. If atmospheric pressure should rise to more than 31 
in. a negative elevation would be indicated on the scale in 
feet. 

Aneroids are made in sizes varying from about 2 to 6 in. in 
diameter. They register up to 2,000, 3,000, 5,000, 6,000, 10,000 
ft., etc. One n'gistering to 5,0(K) or 6,000 ft. is generally most 
satisfactory in regions where elevations above sea level are 
not over 4,000 ft. Under no circumstances should a barometer 
be used at altitudes near the limits of its registry. Hence, the 
geologist who expects to undertake barometric work should 
ascertain the probable range of elevations in the district ‘to be 
investigated. 

For all geologic work, the barometer must be reliable. Few 
aneroids arc good enough. Befoi'e an instrument is selected 
for purchase, it should be carefully tested. This may be done 
in several ways as follows: 

^'1. Gently tap the glass case with the fingers. The needle 
should jar slightly, not too freely, and should return to the 
same point at which it stood before being disturbed. If it stops 
now at one place and now at another, after successive tappings, 
while it is held always in the same position, it is unreliable. 

“2. Read the instrument, carry it to an upper floor in a build- 
ing, or 30 or 40 ft. up a hill; read it; return to the starting point 
and read again. Two or three minutes after arriving here the 
needle should record the same elevation as at first, provided the 
ascent and descent were made within 5 or 6 minutes. Go up to 
the upper station once more, wait a minute or two, and read. 
Any considerable differences in the elevations recorded at the 
same station, especially if these differences are unrelated, usually 
indicate a poor barometer. The pause after reaching the station 
«<f toja^ow for a possible tag. 
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‘‘3. Take out the new barometer on a day s traverse and 
compare its readings with those of another barometer known to be 
reliable. In doing this observe that both barometers may not 
show the same elevations, estimated from zero, nor equal amounts 
of rise and fall, but both should rise together and fall together, 
and after the readings have been ayrrected (388, 891), the eleva- 
tions obtained by both instruments should be approximately 
the same for the same station.’'^ 

Since an aneroid is always a delicate instnirnent, it should be 
handled with care. It should be carried where it will not be 
severely jolted and where it is subject to :is little variation in 
temperature as possible (388), In reading the instrument, hold 
it horizontally in the open palm of your hand. Do not grasp it. 

341« The Paulin Altimeter. — A special type of aneroid barom- 
eter, called a Paulin altimeter, has been devised to overcome, 
as far as possible, some of the instnimental defect s^ of the ordi- 
nary aneroid. We cannot go into the details of construction here. 
Suffice it to say that, while^^theordinaryaneroidmaybe likened to 
a spring balance where the reading of weight depends upon the 
proportional elongation of the spring,” the Paulin altimeter “is 
comparable to the type of scale used in laboratories or for other 
accurate weighing where known weights are placed on one pan 
and the object to be weighed is placed on the other, the true 
weight then being determined by adding to or subtracting from 
the known weights until the ‘tendency pointer^ is at zero on the 
scale.”® Except for some diflferences in the method of reading 
the elevations, the Paulin altimeter is handled like an aneroid 
barometer. ‘Corrections for temperature, weather conditions^ 
and diurnal range must be made in using either instrument 
(388 398). 

342. The Barograph. — A barograph may be described as a 
self-recording aneroid barometer. The movements of the 

^ Bibliog., Lakes, F. H., 1920, p. 151. 

* Such as frictional resistance in the operation of the mechanical parts, 
elastic hysteresis, and lag. 

* Bibliog., Hiiii*, Raymond A., -1929. 
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vacuum chamber, caused by variations in atmospheric pressure, 
are communicated to an arm which carries a pen. This pen, 
which is constantly filled with ink, rests on a piece of specially 
prepared ruled paper wrapped round a drum which revolves by 
clockwork. The motions of the pen are thus recorded on this 
paper. At the end of each day the record is removed and a new 
piece of paper is substituted. Barographs are made in different 
sizes. A small one is almost useless for geologic purposes (390, 
1| 8), bec?ause the divisions on the ruled paper are too small for 
careful reading of pressure variations. A large instrument, if 
any, is the only kind that should be used, but this has the dis- 
advantages of bulk and weight. 

343 . The Watch. — An ordinary watch is absolutely^ essential 
in some types of field work ( 383 ). It ought to be of work- 
manship sufficiently good to insure its proper running, with 
ordinary care, while the geologist is in places where no repairs 
can be made. A wrist watch is most convenient. 

344 . The Plane Table. — A plane table is a drawing board 
mounted on a tripod in such a way that the board can be tiirnod 
horizontally, when the table is set up, without moving the tripod. 
Geologists ordinarily prefer boards 15 by 15 in., 18 by 18 in., or 
18 by 24 in. The small size is convenient for some kinds of recon- 
naissance work ( 413 ). The 18- by 24-in. board is the best 
size for mapping unsectionized country and for mapping a single 
township, on the scale of 2,000 ft. = 1 in., in sectionized country 
(Appendix VII), since, in the latter case, there is room for the 
title, legend, etc. ( 443 ). The 18- by 18-in. size is useful in 
sectionized country where several townships must be mapped 
and the maps must later be fitted together. 

The paper for the map may be attached to the board by thumb 
screws or thumb tacks. 

The plane table may be used oriented or unoriented. When 
unorietUedf the table is set up at a given locality without refer- 
ence to directions. It serves merely as a page in the notebook, 
but is a more convenient support for the map. Lines between 
are plotted by protractor with respect to north-south and 
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east-west coordinates ruled on the map sheet. An oriented plane 
table is set up at every station in exactly the same position 
relative to true or astronomic bearings ( 332 ), and lines between 
stations are plotted by sight alidade ( 347 ) or telescopic alidade 
( 348 ). Some plane tables have a compass needle for orienting, 
sunk in the board at one edge. More often, however, the board 
is not provided with such a needle, for the Gurley compass 
( 331 ) or the alidade may serve the same purpose if this instru- 
ment is properly placed on the map. 

346 . Paper for the Plane Table.— On account of the fact that 
paper consists of fibers, it generally expands and contracts 
unequally in different directions. To overcome this tendency, 
plane table paper is mounted on cloth, or two or three thicknesses 
of paper are mounted together with the fibers in the different 
sheets in different relative positions. The most satisfactory 
type is made of two sheets of paper with a sheet of cloth between 
them (double mounted egg shell paper). This may be used first 
on one side and then on the other. The surface should be 
slightly rough, hard enough to take a 7-H or 8-H pencil line, 
and slightly tinted to lessen the glare of the sunlight. The sheets 
should be cut to the dimensions of the plane table. Often 
several sheets are carried attached to the board at the same time. 
When a map sheet is finished, it is placed under a clean one. 
Celluloid sheets may be used in regions where wet weather is 
continuous for many weeks, but otherwise the cloth-mounted 
paper is to be preferred. On rainy days office work can be done 
instead of mapping in the field. 

346 . Stadia and Leveling Rods. — In plane table mapping a 
stadia rod is used in connection with the telescopic alidade. 
This is a collapsible jointed wooden rod, 12 to 15 ft. long when 
open, and 3 or 4 in. wide, graduated in feet and tenths of feet. 
It should be painted in contrasting colors, preferably with white 
background and a black saw-tooth design to mark feet and 
fractions of a foot. Such a design can be read at great dis- 
tances. The rod is carried by a ^‘rodman.’* When set up 
for a reading, it should be verti^ and the graduated side should 
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be held facing directly toward the instrument man who, at some 
distant point, is looking at it through the telescope of his alidade. 

Sometimes mapping is done by means of a telescopic hand level 
and a level rod. This rod may be from 5 to 15 ft. long. It may 
be provided with a sliding disc or target which can be set at 
a chosen elevation above the ground. 

347 . The Open Sight Alidade. — An open sight alidade consists 
of a flat rectangular metal base with one edge bevelled and 
graduatt'.d, about 10 in. long, provided with an open folding sight 
at each end. It is used in conjunction with the plane table. 
In practice the sights are turned up at' right angles to the base. 
They should be at least 4 or 5 in. long, for observations up 
or down slopes. The observer, having set up. the plane table 
at a station ( 403 ), places the fiducial (bevelled) edge of the 
alidade against the point that represents this station on the 
map, and rotates th(^ alidade about this point until he brings some 
distant object, which he has selected as the next station, into 
line with the cross-hair of one sight and the slit of the other 
sight. He then draws a line on the map along the fiducial edge 
from the point for his present location toward the distant object. 
The use of the alidade is further described in Chapter XVI. 

348 . The Telescopic Alidade. — The telescopic alidade most 
commonly used in geologic field work is of the Gale type. It has 
a flat metal base, 11 in. long and in. wide, with one edge 
bevelled and graduated to fiftieths of an inch. Upon this base 
are two short vertical pillars on which a small telescope is so 
mounted that it may be rotated in a vertical plane parallel to 
the bevelled edge of the base. The line of sight of the telescope 
is always in this vertical plane when the instrument is properly 
adjusted. On the right side of the base is a tangent screw for 
raising and lowering the telescope. On the left side of the base 
is a magnetic needle. This should be kept locked when not in 
use. With the alidade resting flat on the plane table, the latter 
can be levelled by means of a round spirit level, or bullseye level, 
on the alidade base. A detachable striding level, which is 
i^ployed in levelling the telescope, is supported by two wyes. 
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each resting on a metal collar, one on one side and the other on 
the other side of the sleeve in which the telescope is set . A 
graduated arc, firmly attached to the telescofx*-, shows, by refer- 
ence to a vernier the angle through which the telescope is rotated. 

At the objective end of the telescope are a vortical and a 
horizontal diametric cross hair and two liorizontal stadia hairs, 
these being carefully fastened in proper relative position on a 
reticle, or cross-hair ring. The two stadia hairs are at equal dis- 
tances above and below the horizontal cross-hair. They are 
spaced, as in the telescopic hand level, so that they will exactly 
include a distance of 1 ft. on an object ItK) ft. away, or 2 ft. on 
an object 200 ft. away, and so on, when this object is viewed 
through telescope. The vertical distance thus covered 
between the stadia hairs is called an interval or a step, and half 
this distance, between either stadia hair and the horizontal cross 
hair, is a halj interval or a half step. The reticle, as a whole, ia 
movable by four capstan screws. For purposes of adjustment it 
is very necessary to understand how these screws control the 
movement of the cross-hair ring. Before tightening one screw, 
the opposite one should be loosened, for otherwise the ring cannot 
move and the screw threads may be damaged. By loosening the 
lower screw and tightening the upper screw the whole ring may 
be drawn upward, or by reversing the process, it may be turned 
downward. By working the side screws in a similar manner, 
the ring may be turned to one side or the other. All this can bo 
done without turning the ring, while the vertical hair remains 
vertical, and the horizontal hair remains horizontal, ‘ 

A telescopic alidade may be equipped with a Beaman stadia 
arc for simplifying the reading of differences of elevation, and 
with a gradienter screw and Stebingcr drum for measuring dis- 
tances and determining vertical angles. The Beaman arc is 
attached to the horizontal axis of the telescope. The drum, 
which is attached to the tangent screw, is so graduated that if 
^ After Mather, following J. C. Tract. Bibliog., Mather, Kirtlet F., 
1919, p. lOl. This is a very excellent treatment of the subject. With the 
kind permission of Professor Mather and also of the Hcientiic Laboratories 
of Denison University, we have quoted extensively from this article 
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it is rotated through one completi? revolution, the telescope will 
be raised (or lowered) through one interval, as above defined 
(see Art. 412, 4, 5). 

349. Care of the Alidade. — ^Like all instruments of precision 
the alidade must be handled with extreme care. It should never 
be placed on the ground or on a rock pile. If for any reason 
it must be removed from the plane table, return it to its leather 
case and close the case tightly. Its base must be kept free 
from dirt. When in constant daily use, all screws and moving 
parts should be carefully wiped clean with a soft rag dampened in 
light oil. The springs which play against the bearing studs on 
the opposite sides from the vernier and tangent screws should be 
removed from their housings, wiped clean, stretched a little, and 
replaced. At all times the instrument should be protected 
against jars and shocks which might cause changes in adjustment 
of cross*hairs, level bubbles, or other delicate parts. 

‘^If the Stebinger drum is used in determining the elevations, 
the tangent screw must be treated with special care. Experi- 
ence indicates that very trivial and unobtrusive things may 
change the relation of the screw to the arc sufficiently to make a 
Stebinger table no longer applicable and necessitate the construc- 
tion of a new one. If possible, the gradienter screw should be 
entirely withdrawn everj'' week or two and wiped absolutely 
clean with the oily cloth. The bearing plate stud against which 
the point of the micrometer screw pushes must be kept securely 
tightened. Should it become loose very erratic readings will 
result. The surface of this plate will gradually wear at the 
point where the micrometer screw bears against it until a distinct 
socket is made. Ultimately this becomes so pronounced that 
not only does it throw out the relation of the straight line push of 
the screw to the circular movement of the arc, but the point of the 
screw will not hi,t exactly the same spot on successive readings, 
ijind as a result three or four readings from the same station to the 
object will iail to check. When that happens, the bearing 
pl^te jdiQidd surfaced with a file and a new gradienter table 
ec^t^i^d. fSee Art. 412. RA 
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“The compaes needle should always be raised from its pivot 
and clamped immediately after it has been used . . . Place the 
alidade as nearly as possible in the magnetic meridian before 
releasing the needle, and thus avoid the blow to the needle result- 
ing from sudden contact with the compass box. The danger of 
destroying the polarity of the needle is another reason for guard- 
ing against reckless treatment of the alidade as a whole. When 
working in the rain, the compass box is the most vulnerable part 
of the instrument. Unless the glass cover is securely sealed all 
around, moisture will penetrate the box and put the needle out 
of commission by causing it to adhere to the inside of the glass. 
If this occurs, the box must be opened, the needle removed, and 
all parts thoroughly dried before proceeding with the work.''^ 

360. Adjustment of the Alidade. — “The most important 
adjustments of the miniature or explorer^s alidade, which require 
attention in the field, are those for collimation and of the strid- 
ing level. All other adjustments are reasonably permanent as 
made in the factory. It is, however, well for the instrument man 
to be able to detect, and if possible correct, faulty workmanship 
or damage from mistreatment or accident. 

“The line of sight through the telescope is determined by 
the intersection of the cross-hairs, whatever their position in the 
tube, and the nodal point in the objective lens. This line is cor- 
rectly collimated when it coincides with the optical axis of the 
objective. That is, the intersection of the cross-hairs should 
remain stationary in the field of vision when the telescope is 
rotated on its horizontal axis. The telescope is nmunted between 
180-degree stops in the axis-sleeve for this purpose. 

“Sight some distant fixed object of small size and center the 
erosfihhair exactly upon it. The telescope need not be horizontal. 
Rotate the tube carefully half way round and twist the prismatic 
eye-piece back into position. Note whether the cross-hairs are 
still centered upon the object. If not, correct half the discrep- 
ancy by means of the diaphragm adjusting studs, which may or 
may not be concealed beneath a ferrule whidii forms a guard 

^ Bibliog., Mathsr. Kibtlet F,, 1919, pp. 141, 142. 
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against accident or tampering . . . Move the vertical hair to 
left or right by turning both lateral studs in the same direction, 
first slightly loosening the one, then tightening the other. If the 
alidade is of the erecting type with field reversed from right to 
left, as is commonly the case, loosen the screw away from which 
the vertical hair must apparently be moved, and tighten the 
opposite screw. Move the horizontal hair up or down by turning 
top and bottom studs in the same direction, first slightly loosening 
the one and then tightening the other. If the eye-piece is of 
the erecting type, loosen the screw towarda which the horizontal 
cross-hairs must apparently be moved and tighten the opposite 
screw. Having corrected half the discrepancy in this way, shift 
thci alidade until the cross-hairs arc again centered upon the dis- 
taTit object, and rotate the telescope as before. * The line of sight 
should now remain fixed upon the distant point; if it does not do 
so, correct half the apparent error as before. Repeat until the 
hairs are properly centered. 

^‘The test for collimation should be frequently made. No 
important triangulations should be begun until one is certain that 
the cross-hairs are properly located. Should the instrument be 
subjected to any unusual jar, it must be collimated before it is 
again used. In the normal routine of field work the position of 
the cross-hairs should be examined at least once each week.'^^ 

Probably the most important adjustment of the alidade to 
be made in the field is that of the striding level. The bubble of 
the striding level is sensitive to changes in temperature, shocks, 
etc., and must be watched carefully in order to do accurate work. 
It should be checked at lenst three or four times daily, and espe- 
cifdly before starting work in the morning and in the middle of the 
day. If the temperature change is great, or if many stations 
are visited, the bubble should be checked more frequently. 

For making eubh adjustments a screw will be noted at one end 
of the bubble carriage. By means of a sinking a slight turn of the 
aerew raises or ^wers one end of the carriage. To make correct 
ajljustment, bring the bubble to level by means of the vertical 
Kiatiasr P., 1919, pp. 137-139. 
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tangent screw. Reverse the bubble carriage and if the bubble 
does not return to the central position, adjust for one-half of the 
error by means of the adjustment screw. To be in perfect adjust- 
ment, the bubble should remain in the center when the bubble 
carriage is reversed. A number of trials may be necessary to 
obtain the correct adjustment. While a slight error of adjust- 
ment does not make an appreciable difference in short shots, 
it increases largely the percentage of error in long shots. 

361. Stadia Reduction Tables. — If, in plane table work, the 
observer's station is higher or lower than the observed station, 
the solution of a right triangle Is involved. The inclined distance 
along the line of sight is the hypotenuse, the horizontal projection 
of this inclined distance is one leg, and the vertical difference of 
elevation of the two stations is the other leg. The inclined 
distance (hypotenuse) and the vertical angle between the line of 
sight and its horizontal projection (horizontal leg) are read by 
the instrument man. By reference to a stadia reduction table, 
or conversion table (Appendix XVIII), he finds the length of tlus 
vortical leg of a right triangk* similar to the one above describ(*d, 
but with its hypotenuse 100 ft. long. This factor he multiplies 
by the number of hundreds in the inclined distance between the 
two stations in order to determine their difference in altitude 
(409). 

362. Stadia Slide Rule. — A stadia slide rule is a mechanical 
device which may be substituted for stadia reduction tables. 
The stationary part of the rule is graduated above for horizontal 
and below for Vertical distances. The movable scale is marked in 
angular degrees. When the horizontal distance to a given 
station, A, is known, and the angle of inclination of the line of 
sight to this station is also known, the vertical difference in eleva- 
tion between the observer's station and A can be found by setting 
^‘0” (marked on the side of the movable scale nearest to the 
fixed scale for horizontal distances) opposite the value of the 
given horizontal distance. The required vertical distance, on 
the other fixed scale, will be against the observed angle* It 
is important to remember that, if ^he horizontal distance is 
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greater than the vertical distance, one fixed scale is used for 
horizontal distances, and if the vertical distance is greater than 
the horizontal distance, the other fixed scale is used for horizontal 
distances. 

363. Scale for Plotting. — A plotting scale, or a scale for plotting, 
is a straight-edge graduated in intervals representing feet, yards, 
meters, or paces, on whatever scale is adopted for the mapping. 
Such a scale is best graduated in inches and tenths of inches 
when plane table mapping is done on a scale of 1 in. = 1,000 ft., 
or 1 in. 2,000 ft. 

364. The Protractor. — A 4- or 5-in. protractor is often very 
useful for laying off angles in any kind of mapping. Probably 
it is employed most frequently in plotting compass traverses 

374). 

366. The Steel Tape. — The steel tape is of especial impor- 
tance in measuring base lines for triangulation nets (411, If 2). 
It is also serviceable in measuring stratigraphic sections, in deter- 
mining pace lengths, and in measuring other short distances 
where considerable accuracy is required. For geologic mapping 
there is practically never any necessity for correcting taped 
distances for tension, temperature, sag, or standardization of the 
tape. 

366. The Odometer. — When an automobile is used in geologic 
mapping, the car must have an odometer registering the distance 
travelled in miles and tenths of miles. This instrument consti- 
tutes part of the mechanism An a speedometer, as usually pro- 
vided. By keeping watch of the trip gauge, the geologist can 
estimate distances to less than 0.05 mile, which is close enough 
for most reconnaissance work (366). 

367. The Tally Register or Pace Counter. — ^A tally register 
is an instrument, about the size of an ordinary watch, used for 
keeping count of paces. In traversing on foot, the geologist 
holds it in his hand and presses the small knob at every second 
pr every fourth' step. With a little practice, this becomes so 
mticb a habit that it requires hardly any thought. If one is 
^ven^ng moderately hiUy country, perhaps with a fairly open 
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growth of vegetation, the average length of two steps will be 
very nearly 5 ft. that is, one can allow about 1,000 double paces 
to the mile, a convenient quantity for approximate measurements 
of distance. If the land is less rolling, or more open, the geologist 
will probably go a mile in less than 1,0(X) double paces. 

358 . The Camera. — A camera is almost an essential part ot a 
geologist's field equipment. There is considerable divergence of 
opinion as to which is the most satisfactory kind to use. Some 
prefer one of vest-pocket size, whereas others choose a larger 
type. Much depends upon conditions of climate and travel in 
any particular field investigation, for sometimes the pack must be 
reduced to the lowest possible weight and dimensions. Ordi- 
narily the writer prefers a Leica, or other miniature camera, 
because of its size and the large number of pictures that can be 
carried. In any case the lens should have good definition. In 
moist climates, and particularly in tropical regions, films should 
jilways l)e carried in water-tight tins, and they should be devel- 
oped as soon as possible after exposure ( 328 ). 

369 . Base Maps. — For most kinds of geologic fie4d work, some 
sort of a preliminary map of the region is of great advantage. 
This may be a simple property plat; a road or railroad map; 
a township plat (Appendix VII) ; a county or state map; a plotted 
triangulation net ( 411 ) or other control system; a skiitch map 
of the drainage; or, bc^tter than any of these, a good topographic 
contour map, or an aerial photographic map ( 423 , % 2, p. 545). 
Such a map, which has been previously prepared and on which 
the geologist can plot his data in the field, is termed a bane map or a 
working map. Sometimes the base map must be enlarged or 
reduced to bring it to the scale adopted for the field work. 

360 . Additional Equipment. — In addition to the instruments 
which may be used, the geologist will need various other articles. 
A few words will be said concerning notebooks in the next chap- 
ter which treats of the methods of field surveying. If the work 
necessitates the collection of rock specimens, the geologist should 
provide himself with a geologic hammer, a collecting bag, small 
paper bags or newspapers^ m which the sp<^cimens can be 
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separately wrapped, and paper labels (327). The style of ham- 
mer depends partly on the preference of the individual and 
partly on the nature of the work and the character of the rocks. 
Hard crystalline rocks require a heavier hammer than fissile 
shales. The fossil collector generally chooses a hammer with a 
peen shaped for splitting. 

For plane table mapping, a 7-H or 8-H pencil is best. A 
4-H to 6-H pencil is better for recording information in the 
notebook. Colored pencils arc convenient for marking, on a 
working map, the distribution of the different fonnations encoun- 
tered. The boundaries of the formations are first outlined and 
then the areas between are filled in with the colors. 

A hand lens is always useful, and is almost indispensable 
for work in regions of igneous or mctamorphic rocks. 

For automobile work, in rough country, the" geologist will do 
well to prepare himself for trouble. He will be wise if he carries 
two spare casings, three or four spare inner tubes, an extra tin 
of gasoline (3, 4 or 5 gal.), a tin of lubricating oil, a spade, mud 
chains, 30 or 40 ft. of stout rope, an axe, some bailing wire, extra 
spark plugs and valve cai)s, and so on, besides all the usual 
equipment that belongs with a car. 
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GEOLOGIC SURVEYING 

PART III. INSTRUMENTAL METHODS IN FIELD MAPPING 

General Considerations 

361. Procedures in Geologic Mapping. — As stated in Art. 306, 
geologic mapping requires the following three procedures: (1) 
the examination of the rocks; (2) the determination of the loca- 
tion of outcrops or points where observations are made; and (3) 
the plotting of the field data on a map. All three of these proce- 
dures are important, but the extent to which each is carried and 
the manner in which each is executed depend on the nature of 
the country, the kind of rocks, the rate at which the mapping 
must be done, the character of the results desired, and many other 
factors. Geologists should be impressed with the necessity of 
carefully locating outcrops and stations, not only in reference to 
natural objects and to one another, but also — and particularly — 
in relation to established survey comers, land lines, and other 
such features. The significance of this remark is often brought 
out in those phases of geologic surveying which have an economic 
purpose. 

362. Traverse Defined. — In stud3dng an area a geologist 

proceeds along the route which he thinks will show him most in 
the time at his disposal. His course, known as a traveraef is a 
line, or a system of lines, connecting outcrops or stations where 
observations were taken. Obviously several traverses have to be 
made when an area is to be investigated. Traverses are often 
designated by the instrument which figures most largely in their 
making. Thus, there are traverses, plane-table traver- 

ses, transit traverses, barometer traverses, etc. " ; 

44a 
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3S3. Quantities Measured.— The* aff*urat<' location of points 
involv«»H incaMn(‘mcnts of horizontal distanc(\ vertical distance 
or difference* of (*h*vation, and horizontal direction. Distances 
are d(*terinined by dire'ct iiK'asurem^'nt, as in pacing, taping, 
chaining, etc., by n'lerence to the* stadia interval (348), or by 
triarigulation (411). Horizontal distan(*es can s(‘ld()ni lx* meas- 
iirevJ in actual practice*. '’rhe‘y e*an lx* e)btained by right angle 
e*alculations wht*n ine*line*d distane*es or slope distances have 
lx*(*n de»termin(*d, but, e\e*ept in accurate mapping, the allowable 
limit of (»rror in geole^gic work rar(*ly demands the redue*tion 
e)f the* ineasur(*d ine*lin(‘d distances to th(*ir horize)ntal eqiiiva- 
l(*nts. Such redue'tiem is necessary only when the ratio of 
the* length e)l the* ine*lin('d distane‘e lx*tw(x*n two statiems to the 

differ(*nce ejf (‘levation of the two 
stations is relative*ly large. The 
limiting rath), whh'h will dc*(*id() 
whether or ue)t a given incline'd 
distane*(* should be e*e)rre*cte*d to 
its horizontal e*epnvale*nt, varie's 
ae*cording te) the degree of re- 
fine*ment wanted in the re*sult.s 
(366). Ordijiarily nei sue*h e*e)rre'ctie)n is nee*e*ssai> for slopes 
of less than 5°. If, in Fig. 371 , ab is a rather stex*ply in(*lined slope 
distance*, he the elevation e)f the point h abe)V(' a, ae the he)rize)ntal 
e)r map e*ciuivale*nt e>f ah, and /Lbav the* slope angle, them ac may 
Ik* obtaine*el by the e*(piation, ae = ah • ce)s £hac, e)r by the e*eiua- 
tion, ai* = \/ab‘ — be-, a(*cording to whe*ther the* slope* angle, 
Zfxic, e)r the* difference of i*levations, be, has been determined. 

Difference's ex' elevation are found by stepping (336, 412), 
by vertical angle computations (336, 412), and by barome*tric 
rc'adings (362, ct aeq.). 

Directions, always regarded as horizontal in mapping, are 
determined by compass or by triaugulation (411). 

In addition to those quantities, geologic work often requires 
the ixK^asurement of dips of strata, faults, veins, etc. Dips are 
fdiind by clinometer (884) unless they arc very low, in which 


Kio. 371 — Sootion of m slop«» io iliu'*- 
Irato Blopo (iHtaiKe, ah, lioiizoiitnl oi 
irmp dihtatuo, «<, and ildlfrono** of oIp- 
viition, 6r 
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case they may be determined by obtaining elevations of points 
on a given key horizon (317). 

364. Correction of Pace Lengths. — Pacing is a common method 
of measuring distances on the ground. If a certain distance is 
paced from one known point, by way of several unknown stations, 
to a second known point, and an error in the distance is found at 
the second known point, this error may be divided proportionally 
among the several parts of the traverse, from station to station. 
If long distances arc to be paced, without control stations for 
checking, the geologist should measure his pace lengths in the 
different types of country traversed. His paces will be longer in 
smooth open country than in rough topography, or on land over- 
grown with tall weeds or grass, or thickly overgrown with shrub- 
bery or trees. They will be longer on level ground than up or 
down a relatively steep slope. If desired the following table 
may be used for finding the value, in terms of horizontal paces, 
of any number of paces on a slope of SO*" or less.^ Multiply the 


Table for Reducing Paces on Slopes to Their ]<k)UiVALENTs in 
Terms op Horizontal Paces 


Angle of slope 

0® 

5® 

10® 

15® 

20® 

25® 


Gradient of slope 


1/11 A 

1/5 7 

1/3 7 

1/2 7 

1/2 1 


Factor for paces going uphill.. . 

1.000 

0.907 

0.799 

0 717 

0.625 

0 542 

0.413 

Factor for paces going downhill, 

1.000 

0.959 

0.929 

1 0 905 

0.860 

0 753 

0 591 


number of paces recorded on the slope by the factor in the table 
for that slope, thus: if a distance on a slope of 2()*^, going uphill, is 
300 paces, the actual distance on the slope is equal to 0.625 X 300 
* Before using this table each individual should test it for his own paces 
measured on different slopes. He wUl do well to make a similar table for 
himself. As a matter of fact, however, many geologists standardize their 
paces by walking several miles uphill and downhill over the kind of country 
to be mapped and computing an average pace length for the whole distance. 
This average pace is then adoptedior all measurements of distance without 
reference to ^pe. 
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« 187.5 horizontiil paces. If the horizontal pace is equal to 
2.5 ft., the distance on the slope is 2.5 X 187.5 ft. = 468.75 ft. 
After making this correction for the slope value of the paces, the 
slope distance obtained, here 468.75 ft., must be reduced to the 
horizontal by one of the equations given in the preceding para- 
graph. In using the table for slope factors, interpolate for slope 
angles not multiples of 5. 

Where the traversing is done on horseback, the length of 
the horse's pace must be determined under different conditions, 
just as in the cjisc of a man's pace, and these values may be used 
as units of measurement of distance. 

366. Controls for Mapping. — Geologic mapping, like all kinds 
of mapping, is done by determining and plotting the locations of 
certain chosen points or stations and then sketching in the details 
with reference to these points. Gannett has well defined a map 
as “a sketch, corrected by locations.” These selected points 
may be said to control the map. Their horizontal directions and 
distances from one another are termed the horizontal controly and 
their elevations the vertical controly of the map. Occasionally, in 
regions which have not yet been surveyed, the geologist has to 
establish the entire system of control points for his map; but 
generally he finds that a control of the district to be investigated 
has already been plotted, perhaps by the U. S. Geological 
Survey, or the Coast and Geodetic Survey, or by a survey 
conducted by state or township, by a railroad or mining com- 
pany, or by some other interest.^ Yet, even in this case, because 
the fixed control points are too far apart or because, as is usual, 
they have been chosen with little regard for geologic structure, he 
will have to locate a secondary group of stations whose horizontal 
and vertical positions will be determined in relation to the original 
or primary control points. The control system for any geologic 
work should bo Jaid out more accurately, ue., with a smaller 
' allowable limit of error, than is demanded for the geologic map- 
ping itself. 

^The eoatml points may be triangulation stations, U. S. G. S. bench 
, township corner posts or quarter posts, claim corner posts, etc. 
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366. Detail and Reconnaissance Mapping. — The dogree of 
accuracy with which field mapping may be done, is open to 
wide variation. In some kinds of work every outcrop and every 
geologic contact must be located with precision, whereas, in other 
cases, only a sketch is required of the position and size of the 
larger structures and rock formations. In general, the more 
precise methods are included under the term, detail mapping f and 
the less precise methods are reconnaissance inappi)ig. In the 
former progress is slower and, therefore, more time is needed for 
covering a given area. The mapping is performed with as small 
an error as is consistent with the limits of error of the geologic 
structure ( 417 ). On the other hand, in reconnaissance work, 
speed is often of paramount importance, and a large limit of 
error may be permissible. For the field work for each problem, 
instruments are chosen and field methods are pursued, which will 
be best adapted to the needs of the particular case in hand. 

Reconnaissance surveying, if properly done, is far more difficult 
than detail work. It requires wide experience, thorough train- 
ing, quick judgment, constant observation of soils, vegetation, 
outcrops, and topography, and the ability to remember the 
impressions obtained during the part of the work already com- 
pleted. The geologist must be able mentally to picture in three 
dimensions structures and formations which he can actually 
see, usually poorly exposed, in but two dimensions. In geologic 
training one should become proficient in detail mapping before 
attempting reconnaissance mapping. A good reconnaissance 
man is always on the alert. We know of one instance where such 
a man, accustomed to driving an automobile in his field work, 
noticed that his rear wheels became clogged with mud in a man- 
ner not characteristic of the wet mud of the locality. From this 
he was led to make a search which revealed a small area of 
exposure of an older formation uplifted by salt doming ( 161 , 6 )^ 
Hundreds of geologists would have passed by this incident with- 
out notice. Again, a good reconnaissance man, even if he must 
drive over the same route many times, wUl always be trying to 
account for the geology and physiography which he is traversing. 
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367. Note-taking in General. — Geologic notes should always be 
full and accurate. Do not rely on your memory. Write down 
all your observations and impressions. Be careful to distinguish 
between facts and theories. If you are not quite sure of a state- 
ment, punctuate it with a question mark in parentheses. Notes 
may be abbreviated to save time; but if scientific knowledge is 
to be increased by the investigation, abridgment of the field 
notes should not be of such a character as to impair their lucidity 
for any geologist who may subsequently read them. Symbols 
and unintelligible abbreviations should be listed with their 
meanings near the front of the notebook. Following are a few 
common abbreviations which may well be learned and put into 
practice. Others will suggest themselves as occasion demands. 


Abbreviations of CiEOlogic Terms for Field Notes 


(ibout, ca. 
basalt, b. 

bedding, stratification, bd. 

conglomerate*, eg. 

diorito, di. 

from, fr. 

granite, gr, 7. 

joint or jointing, jt. 

limestone, la. 


metamorphosed, met. 
outcrop, ot(‘. 
rooks, rx. 
sandstone, ss. 
shale, sh. 
slate, si. 
specimen, sp. 
trap, tr. 


Strike and dip of bedding may be recorded in short form by 
always writing them in the same order: N30E40NW, meaning 
strike, N. 30° E., and dip, 40° NW. 

It is good policy to write on only every other page so that 
plenty of space will be left blank for future additions and cor- 
rections. Illustrate all significant geologic structures and other 
features by sketches and diagrams. These are the briefest and 
most satisfactory means of recording information (Chapter XlX). 

On the last pages of the field notebook the rock specimens and 
photographs i^ould be separately catalogued (327, 328). For 
eadh specimen ‘give its number, locfdity, fifdd name, date of 



ipn, and the page on which it is described, and leave spaces 
llitional remarks and for the numbos thin sections if 
ire to be made. For each photograph give its number, 

-■i • ’ - ■ ■ ' 
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locality, name, the direction in which it was taken, and also 
remarks on time of day, light value, length of exposure, dia- 
phragm, and focus ( 328 , 358 ). 

368 . Four Principal Methods of Field Mapping. —Although the 
methods of geologic field mapping are innumerable and diverse, 
depending upon such factors as the nature of the country, the 
mode of trav(4, the degi*(‘c of precision demanded in the work, and 
the individual preferences and notions of the geologist himself, 
yet most of these are simply variations of the following four 
principal methods: (1) the compass and clinometer method, (2) 
the hand level method, (3) the barometer method, and (4) the 
plane table method. These will be describ(jd b(*low. To these 
might now be added (5) the methods of aerial mapping, discussed 
in Chapter XVII. 

The Compass and Clinometer Method 

369 . Definition. — In the compass and clinometer method ^ fre- 
quently used in reconnaissance mapping, the clinometer is 
employed for taking dips and the compass for determining strikes 
and directions ( 331 - 333 ). Distances are often paced, on foot or 
on horseback, or are measured by odometer ( 366 ), and differences 
of elevation are commonly obtained by barometric readings, 
properly corrected ( 388 ). Where the topographic relief Ls 
comparatively low and the dips of strata are high, no attempt is 
made to ascertain the relative altitudes of stations or outcrops, 
for under such circumstances the resulting error is practically 
negligible. On the other hand, if dips average only 5® or 10® 
and the relief is considerable, the elevations of outcrops should 
not be disregarded ( 174 ). 

370 . Equipment. — For the compass and clinometer method of 
mapping, the Brunton compass with its clinometer attachment is 
most convenient. Besides this instrument one needs a tally 
register, a notebook, a working map if such is available, a pro- 
tractor, pencils, hand lens, probably a hammer, a camera, and 
an aneroid barometer if elevations are to be determined. A 
Locke level may be of service. The compass should be set for 
ma^etic declination ( 333 ). 



450 


FIELD QEOUKiY 


Notebooks of various shapes and sizes are used according to 
the preference of the geologist. A convenient kind is 5 by 7j^ 
in., opening at the shorter edge, and having its pages ruled 
with coordinate lines in. apart. This easily fits in one^s pocket. 

371. Preparation of the Notebook. — Before you begin field 
work, the notebook should be made ready. Write your name 
and address on the inside of the front cover. On the first blank 
page, facing the front cover, record the name of the region where 
the investigation is to be made, and the year and date of begin- 
ning the work. The magnetic variation of the compass needle 
(332, 333) in the region is noted on the first ruled page. On 
page 3 you will start your notes unless you can secure a good 
topographic map of your area for a working map. 

If you have a base map, its scale, contour interval, and name 
are to be recorded on the first ruled page, as well as the magnetic 
variation. Cut this map into rectangles of equal size and some- 
what smaller than a page of the notebook, so that, if mounted, 
there will be at least ^-in. margin on the ruled page on all sides. 
Topographic sheets of the U. S. Geological Survey may be cut 
into nine rectangles, each bounded by parallels and meridians.^ 
These rectangles may be mounted on a piece of linen or they may 
be pasted in the notebook. If mounted on linen, the sections 
should be separated a little to facilitate folding. When so 
mounted, all parts of the map are together and the whole can be 
folded and kept in a pocket in the notebook. If they are to be 
pasted separately in the book, number them as shown in Fig. 
372. Glue rectangle 1 on page 3, making its upper and left 
edges flush with horizontal and vertical coordinates, respectively 
(looking at the open book with its length up and down). On 
page 5 mount rectangle 2 in a position exactly analogous to that 
of rectangle 1, but leave an inch or so near the upper margin 
of this map free. The lower edge of rectangle 1 can then be 
bent down to touch the upper edge of rectan^e 2, if you wish to 
m the relatiohs of contours, roads, etc., near this common 

^ Tktse are called reetangto although actually the comer angles are not 
account of the northward convergence of the meridians. 
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margin. The other portions of the working map may be mounted 
like rectangle 2 in proper order on pages 7, 9, 11, 18, etc. Above 
each rectangle write its number. If you intend to adopt the 
coordinate system in taking your notes (373), letter the coordinate 
spaces (not the lines) above each rectangle, and number the 
spaces on the left of each rectangle, beginning at the top left 
corner (Fig. 373). In just the same manner letter and number 
the corresponding spaces on the even-numbered pages facing 
the maps. If the point system (373) is followed, the coordinate 


/ 


7 

2 

5 

8 

3 

e 

B 


Fig. 372. — ^Method of num- 
bering the divirionB of a working 
map. 



Fig. 373. — Method of mount- 
ing a working map. 


spaces need not be numbered or lettered. All the preliminary 
writing should be done in waterproof India ink, not in pencil nor 
in an ink that will wash off. 

It is hardly necessary to say that the exact manner in which 
each geologist will keep his notes will depend on h& own personal 
taste. The writer believes, however, that the student should be 
taught several accepted methods so that he may be able better to 
choose his own course in later work. 

872. Compass Traverses. — When a good base map of a r^on 
to be surveyed cannot be procured, and the mapping is done by 
the compass and clinometer method, the geologist generally 
follows a course across country from point to point, finding the 
directions of the different puts of his route by* 0 (Hnpae 8 . His 


452 


FIELD GEOLOGY 


course is a compass traverse. Even if a base map is available; 
traversing by (Jompass may be necessary because the scale of the 
map is too small or because it has some comparatively large 
areas so lacking in geographic features that stations can not be 
readily located by reference to it. Sometimes, also, short com- 
pass traverses are run from stations in a triangulation net or a 
stadia traverse ( 411 ). 

Ijet us now briefly consider the manner of conducting a compass 
traverse. The first thing to do is to find, in the field, some point 
which has been definitely established by previous surveying. 
It may be a triangulation station, a land survey post, a geographic 
boundary monument, a claim post, etc. If a topographic map 
is provided, it may be the intersection of two roads, the con- 
fluence of two streams, etc., as shown on this map. Call this 
point Station 1. 

Having located Station 1, find the bearing to any conspicuous 
object, preferably an outcrop, in the general direction in which 
the traverse is to be run, and pace to this object. Call it Station 
2. If it is of geologic interest, record your observations. Pro- 
ceed in the same way to Stations 3, 4, and so on. In this work it 
is always a good plan to check the course by sighting back to the 
last station, or by sighting from two or more of the stations to 
some recognizable point on one side or the other of the traverse 
(Resection, p. 509). For areal surveying traverses should be 
run as near one another as time will permit and near enough for 
the geologist to feel reasonably sure that he has s^jen most of the 
district. They should be connected at intervals by cross traverses. 

Before setting out on a compass traverse, you should ascertain 
the approximate average length of your stride. This is best done 
by counting the number of paces in walking half a mile or some 
other known distance across country of the type you arc to 
investigate, and ^en dividing this distance in feet by the number 
of paces. Two circumstances must be allowed for: (1) the length 
of a pace in going uphill or downhill is not the same as in travelling 
level ground; and (2) the map value or horizontal projection of 
ititerval on a slope is less than the actual distance (300, 364;. 



aEOLmiC ElJliVEYlNG 


453 


If elevations are to be determined, the aneroid barometer 
should be read at each station. For methods of correcting such 
readings, see Art. 390. 

A compass traverse should be tied with a known point at its 
end as at its beginning. This point may be some new locality 
not yet visited on this particular route, or it may be Station 1. 
In the latter case the traverse is said to be cloned. If the end does 
not tie up precisely, the gap distance should l)e measured and this 
error is subsequently to be divided up proportionally along the 
whole traverse when the final map is made (376). For closer 
checking the traverse may be tied in at other stations in the 
route or at previously established points. 

373. Notes for a Compass Traverse. — With regard to record- 
ing the data of a compass traverse in the notebook, the student 
would do well to begin conforming to a prescribed system. 
Then, if he prefers, he is at liberty to change his method later. 
Following is an illustration of a convenient form for field notes: 

July 17, 1914 

Up a tributary of — ^ — River, starting at Sta. 46. 

From 46, N lOE-60 X N 60 E-35, hanks low, evidently of drift X N75B-65 
to Sta. 47, a 40' terraced bank of solid well stratified highly plastic 
blue clay, showing thin laminae of fine brown sand J^'-l" apart. 
Strata nearly horizontal. If not well sorted Pleistocene, are Tertiary X 
From 47, E-260 (at 160 are otes^ of massive ss and sh in S. bank, N 40 E 40 
SE (g). At 200 sh seems N 35 £ 36 SE) X 870E-80, no rx. Bank 
slowly rising XN75E-100 to Sta. 48, large blocks of massive ss in 
stream, ca in place, seems N 10 W 20 NE (o) X 
From 48, N80E-240 (at 60 are large otes of fine and coarse sandy tuffs and 
agglomerates (Sp. 268) etc. 

Observe that each compass bearing for the traverse is followed 
by a dash and the distance (in paces) of the line along which this 
bearing was taken; that a large cross (X) indicates a change in 
direction of the traverse; that notes for stops along a given part 
of the traverse, between changes in its Erection, are put in 
parentheses; that the number tor a hand specimen is given, also 
in parentheses, after the name of the rock from whieh it was 

^SeeArt. 867. 6 
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collected; that fltrike and dip are recorded thus, N. 40 E. 40 SE.; 
and, that each such record for attitude is immediately followed 
by parentheses containing a letter to show how well the bedding 
was exposed and, therefore, how reliable the readings are for dip 
and strike. In the sample notes above, '^g^' means good or bedding 
well exposed, and “o” means bedding obscure. 

Some geologists prefer to plot the traverse while en route (374), 
carrying it from page to page of the notebook, and recording 
all the notes in their proper places beside it. This plot, rough 
though it be, has the advantage of revealing errors which might 
be made in a written record of directions and distances. 

Provided a base map can be secured for a working map, the 
geologist must first know: (1) how to locate, on the map, outcrops 
and other points of interest seen in the field;* (2) how to record 
certain data on the map; and (3) the best methods of note-taking. 
He must be able to understand and interpret contour maps 
(Chapter XIII), since these, if well made, are most satisfactory for 
working maps. 

Whether the working map is mounted in the notebook or 
separately, every outcrop or station at which observations are 
made is indicated on it by a dot or a small cross at the correct 
place. Where strata are exposed, the dip, strike, and rock type 
may be recorded by the symbols given in Art. 437. The different 
rocks seen, igneous, sedimentary, or metamorphic, may be colored 
in on the map as far on each side of the traverse as can safely be 
done without fear of serious error. In this case the distinction 
must be drawn between alluvium and the several varieties of 
bedrock. Where the alluvium is so thin and outcrops are so 
numerous that there can be little chance of misnaming the covered 
bedrock, the map is colored for rock rather than alluvium. 

If the working map is on a laxge scale, all possible information 
is entered on it rather than in the notebook in order to simplify 
task of recording. If the scale of the map is small, little 
more than the locations of the outcrops or stations can be indi- 
and, the other data must be writtoi in the notebook. 
%re two commonly accepted methods of note^taldng, 
j^fii^idiliaie eyaton and the point system. For the coilrdinede 
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system the working map is cut into rectangles which are pasted 
in the notebook, and the pages bearing the maps and those 
opposite the maps are lettered and numbered as explained in Art. 
371. The dots or crosses, by which outcrops and stations are 
located on a given map, fall on the coordinate lines or in the 
intervening spaces. Suppose that the station is in the vertical 
space B and in the horizontal space, 5. It is then called B\ 5. 
If it is on the vertical line between A and B and is still in 5, 
its position is denoted by A-B:5, Similarly, B:5-d indicates a 
station in B and on the line between spaces 5 and 6; and A-B :5-€ 
refers to the intersection of the two lines. If two or three stations 
are in the same square, they may be calleil, e.g., B: 5 W, B: 5 8E, 
etc., where the final letters signify compass directions. 

The notes are started on the first odd-numbered page after 
the last map rectangle. In the middle of the page at the top 
write the date. Just below this, at the extreme left of the page, 
note the number of the map rectangle on which the traverse 
starts. On the next line, set in a little from the left margin, 
record the location of the first station or outcrop, e,g., B : 5. Then 
continue with the notes concerning B:5. Follow the same 
method for each outcrop. If the traverse runs on to a new 
rectangle, write the number of this new map in the same way as 
you did that of the first. Head each day's traverse with the 
date in the middle of the page. Below Is an example: 

Sample of Geologic Notes 
June 5, 1911 

Map 4. * 

G : 26. Small exposure of sandstone. Bedding well shown : N20®W, 30®E. 

1^:30. Conglomerate with rounded pebbles of quartzite and granite, 
quartzite predominating. Average, 3 in. in diam. Largest 6 or 
6 in. No bedding seen. 

Map 6. 

Hi 2. Sandstone like that seen at 4, Gi 26. Bedding not seen. 

The lettered and numbered page opposite each map is to serve 
as an index to the notes relating to the stations located on t^t 
map. F<»instanoe, if anottto»>pinC:25i8deBcribedonpage41, 
41 fdbould be written in square C;25 on the page facing the map. 
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For the point nysiein} the map, either with its original scale 
or photographically enlarged, may be mounted in any way, but 
preferably on linen. It can then be folded so that any rectangle is 
face out and can be held thus in the notebook with rubber bands. 
The stations at which observations are recorded are shown on this 
map by small crosses. The crosses in any rectangle (or other 
division of the map) are numbered consecutively from first to 
last. 

The note-taking is essentially like that in the coordinate sys- 
tem except that the remarks on each locality are headed by its 
station number. When the book is filled a page index {point 
index) to the notes may be made in which each group of station 
numbers is listed in consecutive order, e.g.. 

Rectangle III 

Pages 
21-22 
22-23 
etc. 

With regard to the advantages and disadvantages of the two 
systems . . . “locations can be fixed more quickly and more 
accurately on the map and can be leferied to more quickly by 
this method than by the system of coordinates more commonly 
used. It is unlike the coordinate system in that the localities 
at which notes were made cannot be relocated if the map accom- 
panying the notes is lost.'"* 

It is a good habit, at night or on rainy days to copy in full 
the abbreviated notes recorded during the day. A separate 
book should be kept for this purpose. Here, too, lists of speci- 
mens and of photographs are to be rewritten. Indices arranged 
according to maps and station numbers, dates, and subjects, 
may be prepared, so that facts can easily be found when one 
starts in with the office work. 

^ A more detailed account is given by C* H. Clapp on pp. 177-181 in 
^'Eiooitomic Gopk^,*’ Vol. VIII. This is one contribution in Bibliog., 
J. D., ol. 

"t* Bibttjfc., Irving, J, D., ^ oL, Vol VIII| p. 181 (Clapp, C. H,). 


Stations 

1 

2-5 
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374. Plotting Compass Traverses. — Compass traverses should 
be plotted as soon as possible, preferably in the field. This is 
done on a. piece of paper, or on one or more pages of the notebook, 
a certain direction having been chosen as north and a certain 
distance having been selected as the unit of scale. A very con- 
venient method is to rule the paper with coordinate lines spaced 
according to the adopted scale. Beginning at Station 1, the 
different parts of the traverse, from station to station, are drawn 
in with protractor and plotting scale. 

In plotting directions on coordinate ruled paper, the course 
from any station to the next can be approximately laid out as the 
hypotenuse of a right triangle by measuring distances, equal to 
the two legs, along the E.^W. and N.-S. coordinates. Thus, 
suppose that Station B is N. 30® Fj. from Station A. Measure a 
unit distance of 1 eastward from A to Xy and from x measure two 
units due north to y. Draw Ay, which will trend N. 30® E. On 
Ayy produced if necessary, mark off the distance AB on the 
adopted scale, thus obtaining the location of J5. Paying due 
heed to compass directions, the following values^ may be used for 
rough plotting in this manner: 

Table op Rectangular Values for Plotting Compass Traverses 


Angle, in degrees j 

Distance, in uuml^ier of 

Distance, in number of 

measured from coordi- 

squares, on short co- 

squares, on bng co- 

nate line 

1 

ordinate (leg) 

ordinate (leg) 

5 

H 

3.0 

10 

H 

^ 3.0 

15 

H 

2.0 

20 

1 

3.0 

25 

1 

2.5 

30 

1 

2.0 

35 

1 

1.5 

40 

1 

1.25 

45 

1 

. 1.0 


^ After M. L. Fuller. BibUog., Fuller, M. L., 19l9, p. 414. This 
paper is an excellent deecriptioiLof pmetical Riethods in Yapid euiveyipg by 
compass, clinometer, and aneroid barometer. 
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376. Correction of Plotted Compass Traverses. — If the last 
station of a plotted compass traverse does not tie up accurately, 
that is to say, if it is a little out of place, the whole traverse must 



be corrected. This may be accomplished as follows: let abode, 
Fig. 374, represent a traverse of which the last station, e, should 
fall at f. Draw a line from e to / and, parallel to e/, rule lines 
from the other stations (6x, cy and dz). Divide ef into as many 


d , 



aqu^ piurts as there are stations in the entire traverse, less one. 
there are five stations. Therefore ^ is divided intp four 
|n>ta. On la mai^ a point, tn, from 6; on cy mark a 
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point, n, from c; and on dz mark a point, o, %ef from d. 
Draw amnofj which is the corrected traverse, 

A more exact method is illustrated by Fig. 375. Here ahcde^ 
again, is the traverse as plotted from the notes, and /is the point 
at which e should fall. Determine what percentage of af is 
represented by ae. Here ae is 101 per cent of a/, i.c., ae is'l 
per cent too long. Therefore the length of each part of the 
traverse {ab, be, etc.) must he reduced by 1 per cent of its present 
length. The angle between ae and af is 10®, and af is to the south 
of ae. Hence the direction of each part of the traverse (aft, 
be, etc.) must be shifted southward 10°. The procedure is as 
follows: draw av making an angle of 10° with oft at a. From o 


0 



Fiq. 370. — Corrected traverees of Figs. 374 and 376 nhowri together for comparuort. 


measure off ap = 99 per cent of ab. From b draw bw making 
an angle of 10° with be. From p draw a line parallel to bw, and 
on this line measure off ps = 99 per cent of be. Proceed in the 
same way with ed and de. 

The first method is not accurate because it takes no account 
of angles, yet it is usually satisfactory for compass traverses. It 
requires less time than the second method. The difference in the 
results obtained by both operations is shown in Fig. 376. 

The Hano Level Method 

376. Definition. — The hand level method may be used in 
regions where stratified rocks have dips too low for satisfactoiy 
measurefiient by dinometer.. .The hand level is employed for 
taking dhSerenoes of elevation on any given stratum. Uto dip of 
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this Btratum can then be indicated as a fall of so many feet per 
mile between certain designated points. Distances may be 
obtained by pacing, odometer, etc., or by stadia if a telescopic 
stadia hand level is used. Directions are found by compass. 

377. Equipment. — The (‘quipment necessary for the hand level 
method includes a Locke level or a telescopic hand level, a 
Brunton compass, a tally register or other instrument for record- 
ing or measuring distances, a notebook, a base map if one can be 
obtained, pencils, etc. 

378. Determination of Strike. — To find the approximate strike 
of an inclined bed, stand on the top^ of the bed at some point 
from which the same bed is visible at a distance either across 
a dip slope or across a valley. Sight through the hand level at 
the distant outcrop of the bed where this is about at the same 
level as the observer. Holding the instrument horizontal, swing 
it back and forth until the top of the bed' in the distant outcrop 
is on a level with the middle cross hair. The direction in which 
the instrument is pointed will then be the approximate strike. 
Determine this direction by compass. 

379. Determination of Dip. — To find the dip of an inclined bed, 
stand on the top of the bed' and select a distant outcrop of the 
same bed as the station to lx* observed Choose some object, the 
height of which can be easily judged, near the distant outcrop. 
Taking this height as a unit of vertical measurement, a siepj 
see how many times it will be included in the vertical distance 
between a horizontal line from the observer's eye toward the 
distant outcrop and a point which is the height of the observer's 
eye above the top of the bed in the distant outcrop. The 
approximate inclination of the bed between the two points will bo 
the height of the step times the number of steps recorded. This 
IS usually expressed in feet per mile. 

Unless the strike of the inclined bed is known and the measure- 
ment of the dip is made at right angles to the strike, the observed 


*Tbe top of the bed is here mentioned, but any leeognisable horison 
the bed, or its bottom surface, can be used, provided the same 
is sighted at the distant exposure. 
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inclination, obtained as described above, will not be the true 
dip. It will be a component of the dip, measured in a certain 
direction not perpendicular to the strike. If the geologist finds 
several dip components in as many different directions, he can 
make an estimate of the approximate value of the true dip and 
its direction (488). 

380. Hand Level Traverses. — For the most part the hand level 
is used only for short branch traverses, or for side shots from 
traverses mapped by other methods. Sometimes, however, 
extensive areal mapping can be done by this instrument. Direc- 
tions and distances will then be run and corrected as in the 
compass and clinometer method. Elevations, obtained by 
stepping or levelling, may be checked by planning the traverses 
to meet or intersect at certain stations, and the errors in elevation, 
discovered by failure to tie in at these stations, can be divided 
proportionally, in each case, among the several stations of the 
traverse since the last similar station where correction was made. 

381. Note-taking. — Since the hand level method is seldom 
applied in extensive mapping, there is no special system of note- 
taking devised for it. Notes may be kept much as in the compass 
and clinometer method. If a base map is supplied, all the written 
information and also arrows for dips or dip components can easily 
be recorded on this map. 

The Barometer Method 

382. Definition. — The barometer method of field surve3ring^ 
involves the measurement of relative elevationiS by an aneroid 
barometer or by a Paulin altimeter (841).* The method is 
employed principally in regions of stratified rocks where dips 
are so low that they are most satisfactorily determined by 

^ For earlier descriptions of the use of the aneroid barometer in this 
connection, see Bibliog., Gilbert, G. K., 1882; Bibliog., Campbell, M. R., 
1896. M. R. Campbell described this method as he applied it in investiga- 
tions for coal. 

* A Paulin altimeter, being essentially a special form of imeroid bammeter, 
may be used in the barometer msthdd instead of the ordinmy aneroid if the 
geologist prefers^ 
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obtaining elevations on a chosen key bed (317), rather than by 
using a clinometer. Although, in the name of this method, 
emphasis is placed on the importance of the barometer and on the 
measurement of vertical distances, the geologist should realize 
that directions and horizontal, or essentially horizontal, distances 
between stations must also be measured. Directions may be 
found by compass or by triangulation, and distances by pacing, 
odometer, etc., or by triangulation. If a good base map is 
provided, the locations of stations may often be estimated by 
reference to recognizable landmarks, and plotted by eye. 

383. Equipment. — In addition to the aneroid barometer, the 
geologist will need a compass, a watch, a coordinate-ruled note- 
book, a hand level, and a base map upon which to mark the posi- 
tions and elevations of stations along his traver^. He will find a 
tally register serviceable for pacing and an odometer indispen- 
sable in automobile work. In some cases he may use a small 
plane table and open sight alidade (347). The compass should be 
corrected for the local declination (333). When two or more men 
work together in the same area, their watches should be set 
together. The notebook is most serviceable when ruled in fifths 
or tenths of inches. Any fairly accurate county, state, or prop- 
erty plat will generally do for a base map. An aerial photographic 
map may be particularly useful (Art. 423). There is no special 
need to have a base map that shows topographic features, 
although it is well to have streams indicated. If the geologist 
cannot procure a satisfactory map of some sort, he should make 
or have made a simple outline map showing a few prominent 
landmarks in their correct relative positions, so that he can tie his 
traverses to these. Where the land is scctionized, he can often 
sketch his own base map along with his geologic work. The 
degree of precision demanded in the work will determine the kind 
of, base map necessary. 

384. Hoi^ontai Control for Mapping by Barometer* — ^Before 
considering in detail the use of the aneroid barometer, we may 
well: (^ye some attention to the subject of the horizontal control. 
^ |io|!ig>htal control is mewt the system of measured horizontal 

and directions l>etween the stations included in the 
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mapping. These stations may be classified under two heads: 
(1) certain relatively few points, known as control stations, which 
are located with considerable accuracy; and (2) those stations 
which are less precisely located and whicfi have their positions 
established in reference to the stations of the first class. As 
a matter of fact, the control stations govern the positions of 
all the other stations not only in respect to their horizontal 
distances and directions, but also in respect to their relative 
elevations. The student should bear in mind the distinction 
between these terms horizo7ital control and control stations. 

There are many variations in the methods adopted in establish- 
ing the horizontal control for barometric work. If a satisfactory 
base map is provided, the horizontal locations of stations are 
often simply estimated by reference to recognizable charted 
landmarks and are accordingly plotted by eye on the map. The 
degree of accuracy of this method depends on the. number and 
distribution of such recognizable points, and also on the class 
of workmanship of the map. In any event the limit of error is 
likely to be large. 

Ordinarily the geologist will find it necessary to prepare some 
kind of a horizontal control along with his barometric work. 
This he may do by running a system of compass traverses in 
which distances are measured by pacing, by horse paces, by the 
revolutions of a wheel, by odometer, etc. (372),. or he may use a 
small plane table and an open sight alidade or a Gurley compass. 
In sectionized country where roads lie on nearly every section 
line, directions of road traverses are along north-south or east- 
west lines and are easily mapped. In such country travel is 
generally accomplished by automobile. Only occasional branch 
traverses, on foot or in the automobile, must be run by compass 
and measured by pacing or odometer, as the case may be. For 
the running of irregular compass traverses and their correction 
see Arts. 372-376. 

The use of the small plane table and open sight alidade, rather 
than a compass, is chiefly a matter of individual {Uieference. 
With the plane table, the features may be mapped as a route. 
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traverse with branch sights where necessary or as a triangulation 
network (Art. 411). 

386 . System of Recording Stations.^ — The writer has found it 
most convenient, for*note-taking, to designate days by letters 
and stations by numbers. Thus, in a given area, the first day 
will be Af the second /?, and so on until the investigation is 
finished. The next area will be commenced A, again. If 
more than 26 days are spent in one district, the 27th day will be 
A A or 2A, the 28th BB or 2Bj and so on. The stations on the 
first day will be Al, A2, A3, etc.; on the second day, J51, B2, etc. 
These symbols are plotted on the base map and are recorded in 
the notebook, as will be explained presently. Some geologists 
use consecutive numbers for an entire field season or for an entire 
district or problem, even when more than a single season is con- 
sumed in the work. 

386 . Graphic Method of Note-taking. — According to the 
method devised by M. R. Campbell, the notes may be recorded 
in the form of a profile section. Figure 377 illustrates one. To 
explain this let us assume that the geologist is at Station Al. 
He has a sufficiently clear idea of the area to know that Station 
Al, his starting point is rather low and that most of the stations 
which he will visit will be above the level of Station Al. The 
barometric elevation at this station he finds is 2,460 ft. Conse- 
quently, holding the notebook with its lengt^h right and left, 
he chooses a horizontal line rather low on the page, in order to 
leave room above for higher points, and he labels the left end of 
this line, “2,400,'’ Letting 1 in. = 100 ft., the other horizontal 
lines are latelled accordingly, upward and downward from the 
first line (Fig. 377). 

Suppose that he arrives at Station A 1 at 8 A, M. On the inter- 
section of the 2A60 line and a vertical line at the left of the page, 
he marks a small cross or a dot to represent A 1 . Let the direction 
from Al to the next station be due north. Along this same 
vertical line writes, ‘*A1, 8.00 A.M,, No.,“ and any other 

f * lliis article and much of the following description of the barometer 
have been taken from Economic Geology, Voi. XV, pp. 150-169. 

F. R., 1920. ^ 
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necessary information. If, as wc may suppose, .4 1 is on the 
top of a bed of limestone, this is plotted by the usual symbol. 

He now proceeds 110 double paces to Station A2, a point here 
assumed to be on a 10-ft. bed of sandstone, at an elevation 
which he reads as 2,500 ft. He arrives at A2 at 8.10 A.M. 
Letting the horizontal scale of the section be 1 in. — 100 double 
paces (equals approximately Ko mile), he plots A2 according to 
the adopted scales. As before, he writes on the vertical line 
through the point for A2, **A2, 8.10 A.M., NIOE./' the direction 
being from A 2 to A3. To save time that might be lost later in 
measuring distances in the notebook, he records the number of 



paces from A1 to A 2. He represents the sandstone bed by the 
convention for that rock ( 437 ). 

In this manner he continues from station to station, recording 
whatever information seems to be of importance and sketching 
the topographic profile along his traverse. 

Every effort should be made to settle the correlation of the 
strata during the course of the field work, and the correlations 
should be su gg ested in the section by dashed fines, as in fig. 377. 
The pto&le section is carried from page to page, care being taken 
to keep the elevation codrdinates as nearly as possible in the amhe 
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relative positions on the sheet. The section should terminate on 
each page at a station and should begin on the succeeding page 
at the same station at about the same level on the page, so that 
the pages may be matched for comparison. 

387. Tabulation Method of Note-taking. — In many cases much 
time may be saved by keeping the notes in tabulated form. This 
may be done especially when sp)eed is required, when travel is 
done by automobile, and when a structure contour map, and not 
a geologic section, is the principal graphic result to be attained. 
The following plan of tabulation has l)ecn found to be serviceable. 
The facts indicated in Fig. 377 are recorded in this table. 


Table I. — Tabulated Notes 


Station 

Time 

Barom- 

eter 

Cor- 

rected 

barom- 

eter 

Direc- 

tion 

from 

last 

station 

Dis- 

tance 

from 

last 

station 

(paces) 

Hem arks 

Al 

A. M. 
8.00 

2,460 


No. 


Top of 5 ft. bed 

A2 

8.10 

2,500 


NlOE 

no 

yellowish Is. 
Abundant Fusulina. 
Call “LI.” 

Top 10 ft. brown 

A3 

8.22 

2,520 


No. 

140 

blocky ss. Call 

'*S1.” 

SI. 

d4 

8.30 

2,490 


No. 

55 

LI. 

A3 

8.35 

I 2,460 


No. 

60 

Change of slope. 

A6 

8.45 

2,440 


No. 

135 

Stream channel. 

i47 

8.52 

2,475 


N30W 

95 

No outcrops. 

LI. 


If an automobile is used, the trip distance is recorded in the 
sixth column. The fourth column is left blank to be filled in 
Hy^bi^uently with the cpirected baropaetric readings (SB&et seg.). 
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Ah in the graphic method of taking notes, the positions of the 
stations are to be marked on the base map. 

388. Necessity for the Correction of Barometric Readings. — 
An aneroid barometer is in principle a sensitive air pressure 
gauge. If properly made, it is “compensated for temperature,'* 
i.e., it will read correctly any pressure irrespective of the tempera- 
ture of the instrument. In this it has an advantage over the 
mercurial barometer which requires correction due to the 
unequal expansion or contraction of the mercury and the contain- 
ing glass under varying temperatures. 

The aneroid barometer and the Paulin altimeter are used for 
registering differences of elevation. If the temperature of the air 
were constant, a scale for altitude could be made to correspond to 
a scale for pressure; but since air density varies with changes in 
temperature, these instruments can be made to read altitude 
correctly only at one temperature. This is known as the tempera- 
ture of calibration of the instrument. Generally speaking, 
aneroids and Paulin altimeters are calibrated to register correct 
altitudes at 50°F. If the air is warmer than 60®, the elevation 
indicated on the barometer will be too high, because the air, 
being lighter, will have a pressure corresponding to a higher 
altitude at 50®. On the other hand if the air temperature is 
below 50^F., and, therefore, abnormally heavy, the aneroid will 
record an elevation too low. Obviously, therefore, barometric 
readings must be corrected for these errors due to the effect 
of temperatures above or below the temperature of calibration of 
the instrument. 

Another very important source of error in the use of the 
barometer lies in the fact that atmospheric pressure is subject to 
almost continuous and often violent changes. Thus, if an 
aneroid is left undisturbed in the same place for 24 hours, the 
needle will gradually alter its position. Under ordinary condi- 
tions, it will swing slowly downward^ from dawn until 9 or 10 

^ Doivnward and upward are here used in referenee to the scale in feet, for 
elefi^ationB. When the needle-points to successively rievatkms, it 

naturally indicates higher pressures in inches of mercury. 
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o’clock, after which it will remain nearly steady for an hour or 
two; then it will rise, at first slowly and later, by 1 or 2 P.M., 
more rapidly until between 4 and 6 P.M., when it will again 
change and begin to fall. These movements are illustrated in 
Fig. 378. There is some variation, both from day to day and 



Fia. 378. — Type curve illuetraling diurnal variafione iu atmospheric presHure from 6.30 
A.M. until U.30 P.M. on a day when coiulitimiH were exceptionallv eteadv. (Cf. Fig. 
380.) 

from season to season, in the time of the changes from rise to fall, 
and from fall to rise. 

The regular curve of diurnal barometric variation is more or 
less modified by local fluctuations in atmospheric pressure such as 
may be caused by gusty winds, ‘‘twisters’* or “baby tornadoes,” 
irregular air currents due to the effects of strong topographic 
relief, and especially by storms (Figs. 379, 380). 



lo \Z 3 4 5 6 7 

A.M. P.M. 


Fio. 379. — Curve of atmosphorio prcaauro variation during a thunderstorm, plotted from 
observations made at frequent intervals at a single station. 


Just as in the case of errors due to atmospheric temperature 
barometric readings must be adjusted for this second class oi 
errors caused by atihospheric {uessure changes, if such readings 
are to be correct. Although correctiems for tempeititure should 
juioperly be made before thos^ for pressure variation, we shall 
ilSBOlihe the latt» Srst, partly beeause the temperature factor 
c^n be omitted from consideration (397), whereas ooireo- 
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tion for pressure' change must always be made; and partly in 
order to avoid confusing the reader in explaining this subject 
of correcting for pressure variations. The matter of tempera- 
ture corrections is left for Art. 394. 

389. Correction for Atmospheric Pressure Variations. — Since 
variations in atmospheric pressure are constantly in progress, 
the elevations indicated by an aneroid while traversing are 



Fio. 380. — Exaniplt'N of aiinonphcric pressure curves, as indicated by barometric readings, 
on different days. A to D arc by the same barometer JB was plotted from the record a 
poor barometer. A and B show abnormally largo increases of pressure during the afternoon 
C is abnormally flat. D is characterized by several rises and fells due to unsteady weather 
conditions. A thunderstorm occurred during the drop at t. The great diversity of these 
curves shows how great may be the errors due to correcting barometric readings by the use 
of a type or average curve. 


incorrect. All through the day atmospheric changes are being 
superposed, as it were, upon relief variations, and before the 
recorded barometric readings can be regarded as truly represent- 
ing differences in topographic relief, the atmospheric variations 
must be eliminated. To a certain extent this may be done by 
reference to a type atmospheric pressure curve, like that in Fig. 
378, which the geologist can obtain by a barograph (342, 3M 
H 8), or by observations on his aneroid or on another while not 
in use in the field; but correction by this means is very rough 
and large discrepancies may result from the effects of the local 
atmospheric variations (Fig. 380). This method should be 
avoided when possible and should never be employed unless 
the allowable error in elevations of stations is laf’ge*. 
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The only safe way to eliminate the effects of fluctuating 
atmospheric pressure is by checking the barometric readings at 
frequent intervals during the field work. It is safe to say that 
the proficiency of the geologist in the barometer method of 
mapping and the accuracy of his results depend almost wholly 

upon his skill in checking and correct- 
barometric readings. The 
more important methods of checking 
/ arc described below. 

390. Methods of Checking Baro- 
metric Readings. — 1. Checking on an 
/ \ Established Control. — If there are 

/ \ points, such as U. S. Geological 

^ V® Survey bench marks, U. S. Geodetic 

\ / Survey monuments, railroad stations, 

A /it etc. of which the true elevations have 

\ \ already been established, in the region 

\ \ to be geologically surveyed, these 

\ ^ points may serve as a control for cor- 

4^'^ recting the barometric readings. The 

traverses should be planned so as to 
I include such stations. In sectionized 

I country bench marks are usually to be 

/ found at the section corners or the 

,, ^ township corners. 

Fio. 381.— Plot of a traverse. 

The correction curve for the baro- 1 0 illustrate thlS method, let US 

metric elevations on this traverse ^ i?* ooi • xi* i x r 

is shown in Fig. 384 . supposc that Fig. 381 IS the plot of a 

traverse. The crosses are stations of 
which the true elevations have been determined. If the true 
elevations of 1 and 6 are 700 and 630 ft. above sea level, respec- 
tively, and the barometric elevations at these same stations wero 
recorded as 775 and 760 ft., respectively, the barometer was read- 
ily; 75 ft. too high at Station^ and 120 ft. too high at Station 


6; that is, while the geologist went from 1 to 6, the atmospheric 
pressqre curve rose 120 ~ 75 ft. = 46 ft. 
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Checking by reference to established control stations is the 
best method of ascertaining the variations of the barometer 
provided the elevations of these stations are reliable; but 
ordinarily such control points* are too infrequent, and, accord- 
ingly, other methods of checking must be employed. 

2. Checking by Two or More Readings at a Station , — When 
several minutes are spent at one station, perhaps in studying the 
fossils or rocks, or in automobile delays, the aneroid should be 
read shortly after arrival and just before leaving. It is b<»tter to 
wait two or three minutes after arriving to 

allow for lag of the instrument. Otherwise, / 
the first reading might perhaps be made / 
immediately after a considerable ascent or / 
descent from the preceding station, whereas 
the second reading would be made after the \ 
aneroid had been kept at rest for some time. \ 

With some instruments the results obtained \ yr 
under these unlike conditions would not be 
exactly comparable. 

A distinct rise or fall in the barometer 
during a stop of 30 minutes or more is prob- 
ably atmospheric and should be recorded, ^ 
asatStation7inFigs.381and384. Usually 382.— Wot of « 

changes observed during shorter stops should ^ iUuatrate check- 

1 . . 1 , . ing by branch travercec. 

be given httle weight. 

3. Checking by Branch Traverses . — Figure 382 shows a map of a 
traverse. The. geologist’s course, in the order of stations visited, 
was 1, 2, 3, 2, 4, 5, 4, 6. At 2 and 4, each, he obtained two read- 
ings which served to indicate whether the atmospheric pressure 
curve was steady, rising, or falling, while he visited 3 and 5, 
respectively. For example, if his instrument showed an eleva- 
tion of 1,140 ft. at Station 2 when he first arrived there, and an 
elevation of 1,150 ft. at Station 2 after his return from Station 
3, the atmospheric pressure increased 10 ft. while he made the 
branch traverse to 3. By this method, the effects of lag aM 
largely eliminated by reading always upon arrivaT at ^the station : 
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but it has the disadvantage that serious discrepancies may appear 
at the end stations of adjoining branch traverses, as at 3 and 5. 
When such branch traverses are near, the geologist should connect 
them, going, for instance, from 5* to 3, before he returns to 4. 

4. Checking by Cloned and Intersecting Traverses . — A closed 
traverse is illustrated in Fig. 383, A, and an intersecting traverse 
in Fig. 383, B. The progress of the geologist was in the sequence 
of the station numbers. When he returned to 1 from 6, Fig. 383, 
A, his aneroid reading showed what the total change in atmos- 
pheric pressure had been since he departed from 1 toward 2. In 



Fio. 383. — ^Plots to illu8trat.<^ oheckins by cjoeed and intcrsectinB traverses. 


the method of Fig. 383, B, a check wae obtained on the atmos- 
pheric curve at 2 and at 1. 

The reader should observe that there is nothing in these 
methods of checking to indicate just how the atmospheric pressure 
varied in the intervals between checks. Thus, it might have risen 
10 ft., or it might have dropped 10 ft. and risen 20 ft., and the 
result, as far as could be detected by the checking, would have 
been the same in dther case. The error would be in the eleva- 
tions at the intermediate stations. The closed and intersecting 
traverses have Hie advantage of distributing such errors among 
all the Ertiations in the closure, so Hiat the error at any one station 
is relatively small. Obviou^ the shorter the time allowed to 
dapw between cheeking, the less opportunity will there be for 
I'faaRge^jtenors (418). 
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5. Checking by Return Traverse , — If ihe geologist returns on 
the same day along the same route, he may read his barometer a 
second time at several, not necessarily all, of the stations of 
his traverse. The double record at each of these check stations 
will indicate the amount of atmospheric pressure change between 
the visits to their particular station. This is like a combination 
of the second and third methods of checking. It is useful espe- 
cially in automobile work in rough country where roads are few 
and are more or less parallel, perhaps following steep-sided 
divides or narrow canyons. It will suffice for a single day^s work, 
or it may l)c repeated on successive days, but before the mapping 
in such a region is complete, these parallel or radiating traverses 
must somewhere be connected and tied in on one another by 
occasional cross-country traverses, even if these have to be made 
on foot. 

6. Checking by Hand Level , — Both sight and telescopic hand 
levels may be used to considerable advantage in checking baro- 
metric readings at stations of approximately the same altitude. 
The geologist may level from one point to another visible point 
from which he has come or to which he is going, and if the two 
stations differ in elevation, he may estimate this difference. 
Assuming, for example, that the hand level shows Station 1 to 
be 10 ft. higher than Station 2 and the barometer indicates that 
Station 1 is 20 ft. higher than Station 2, then the atmospheric 
pressure has risen 10 ft. in the time elapsed while going from 
Station 1 to Station 2. Whenever a check is made by hand 
level, the fact should be recorded in the notebook. Care should 
be taken to see that the hand level is in perfect adjustment. 

7. Checking by Eye , — The constant comparison, by eye, of 
the ob^rved barometric readings with the true slopes and eleva- 
tions of the ground traversed is fairly difficult, f&r it requires 
experience and judgment. It means that the geologist must have 
an idea not only of the topography, but also of the structure, 
which he is crossing, and it means that he must give constant 
attention to the barometric elevations which he records. This 
method is particularly valuable for catching sudden rises and 
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falls of the barometer entirely inconsistent with the true relative 
elevations. Such sharp changes do occur, especially in the 
vicinity of thunderstorms and they should be detected if possible, 
for otherwise a rise or a fall that actually happened within a few 
minutes and while the geologist moved only a short distance 
may be distributed over a much longer period of time and a 
larger part of the traverse, thus leading to an erroneous profile 
of the ground and most probably a distorted geologic structure. 

8. Checkirig Reference to Another Record , — Some geologists 
take a barograph into the field with them and place it somewhere 
near the center of the area to be surveyed during the day. Or an 
assistant at camp, or at some chosen spot in the field, may note 
and record the readings of a second stationary aneroid every 
15 minutes or half hour during the day. _The record made 
automatically by the barograph, or the curve plotted by the 
assistant from the record of his aneroid, can then be used to 
correct the readings of the field man’s barometer. Besides the 
fact that a barograph or a second aneroid is an unnecessary 
burden, this method of checking and correcting is generally 
unsatisfactory because the stationary instruments may fail to 
record sharp local atmospheric pressure changes that may affect 
the field aneroid, and, on the other hand, they may register 
changes which escape the field aneroid. In other words, atmos- 
pheric pressure variations, even though pronounced, may some- 
times affect areas of relatively small extent. 

891. Plotting the Correction Curve. — The following is a brief 
explanation of the plotting of the atmospheric pressure curve, or, 
as we have called it here, the correciion cuive.^ Let Fig. 381 

^ This curve, as it is derived from observations by the aneroid barometer, 
is to a large extent indicative of actual variations in the pressun^ of the 
atmosphere; but it lio doubt includes, also, certain indeterminable irre^lar 
fluctuations oonsequent upon the individual peculiarities of the barometer. 
These fluctuations, as well as the atmospheric pressure variations, are for the 
most part eliminated by the applieatmn of the correction curve. The reader 
liquid remember that, in this, explanation, we are still disregarding errors 
which may have been occasioned in the records as a result of atmospheric 
^in|>e^ufe (8Mi, 394). 
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roprosent. a traverse in which several methods of checkinfi; have 
been employed, yielding the results listed in the table below. ^ 


Table II. — Barometric Readings Recorded on a Traverse 


A 

Station 

B 

Time 

C 

Bammeter 

D 

Corre<jted 

barometrie 

readingM 

E 

Elevations 

previously 

established 

1 

! 1 

A.M. 

1 

1 

1 

1 

1 

6.00 

625 

700 

700 

1 

7.30 

620 

700 

700 

2 

8.00 

575 

660 


3 

8.20 

580 

66.^> 


4 

8.50 

685 

780 


3 

9.15 

565 

665 


5 

9.30 

535 

640 


6 

9.40 

525 

630 

630 

7 

10.00 

540 

650 


8 

10.25 

505 

615 


9 

10.45 

520 

630 


10 

11.10 1 

550 

660 


11 

11.45 

595 

700 



P.M. 




7 

12.15 

550 

650 


7 

1.00 

560 

650 


8 

1.15 

535 

625 


12 

2.00 

560 

635 

635 

13 

2.20 

570 

640 


14 

2.35 

590 

655 


15 

3.00 

620 

680 


2 

3.30 

6a'5 

660 

[ 

1 

3.50 

650 

700 

7(K) 

1 

5.30 

655 

700 

700 

1 

7.05 

640 

700 

700 


Camp is at Station 1 which happens to have its elevation 
already established as 700 ft. above sea leveL It is therefore a 
control station. Stations 6 iokd 12 are also dcmtrol stations 
<column E> Table H). At 6.00 A.M. the barometric reading was 
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625 ft. or 75 ft. too low, at Station 1 . For plotting the curve, take 
a piece of coordinate-ruled paper and, holding it with its length 
right and left, label every other vertical line for the hours, begin- 
ning at 6 A.M. (Fig. 384). Every space, right and left, will 
correspond to 30 minutes, and smaller intervals of time can 
be interpolated. Label a horizontal line near the middle of the 
page label the next line, both above and below the ‘‘0^^ 

coordinate, “20,” the next “40,” and so on, as far as seems 
necessary. The horizontal coordinates below the zero coordinate 
represent quantities, in feet, to be added to the barometric 
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A.M. P.M. 

Fia 384. — Correction curve (curve of atmospheric pressure variation) for barometric 
elevations recorded on the tra>‘prse plotted in Fig. 381. The diagram illustrates the lower 
part of a page in the notebook. 


readings to obtain corrected elevations, and those above the zero 
coordinate represent quantities to be subtracted from the baro- 
metric readings to obtain corrected elevations. Since the first 
reading, at 6 A.M., was 75 ft. too low, 75 ft. must be added for 
correction. Mark a cross (for an established control station) 
at a point on the 6 A.M. vertical line one-fourth of a space up from 
the 80 ft. horizontal line. At 7.30 A.M. the barometer read 80 
ft. too low. Mark the intersection of the 7.30 vertical line and 
the 80 ft. horizontal line. 

Between the two visits to Station 3, at 8.20 and 9.15 A.M., the 
b^meter fell 16 ft. Somewhere well below the probable posi- 
^ the curve to be drawn through the points just plotted, 
point (m, Fig. 384) on a horizontal line at 8.20 and another 
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point (n, Fig. 384) three-fourth space (= 15 ft.) below m on the 
9.15 line. Draw a straight line between m and n. mn may bo 
called a guide line. It is not necessarily parallel to the ultimate 
correction curve (Cf. st and etc, two other guide lines), but merely 
indicates to the eye that points in the curve corresponding to 
the ends of the guide line are related to one another exactly 
as they are in the guide line. This will become clearer presently. 

At Station 6, at 9.40 A.M., the barometric reading was 105 ft. 
too low. Mark a cross (again for an established elevation) where 
the 105 coordinate intersects the 9.40 coordinate. 

At Station 7 readings were made at 10.00 A.M., and at 12.15 
and 1 .00 P.M. 12.15 to l.(K) was the lunch period. Again, below 
the region of the curve, construct another guide line, opr, o being 
at the intersection of any horizontal line and the 10.00 A.M. 
vertical, p being 10 ft. above o and on the 12.15 coordinate, and 
r being 10 ft. above p and on the 1.00 P.M. coordinate. The 
10-ft. intervals correspond to the rise of the barometer from 
540 at 10.00 A.M. to 550 at 12.15 P.M., and from 550 at 12.15 
P.M. to 560 at 1.00 P.M, 

A guide line is plotted for Station 8, visited twice, and for 
Station 2, visited twice. Also crosses are plotted at 2.00 P.M. 
and 75 ft. for Station 12 (columns C and E, Table II), and at 
3.50 P.M. and 50 ft., at 5.30 P.M. and 45 ft., and at 7.05 P.M. 
and 60 ft., these last three being readings at Station 1. 

The correction curve is drawn through the plotted crosses, 
which indicate the actual corrections to be made, and in such a 
way that points in this curve are the same distances apart, verti- 
cally and horizontally, as the end points of the several guide 
lines, vertically below. For example, v' is in the curve at 8.00 
A.M. and w' is in the curve at 3.30 P.M., 30 ft. higher than v\ 
These are exactly the relations of the end points of the guide 
line, vw, but, to repeat what was stated above, the curve between v' 
and w' is not by any means necessarily parallel to the guide line, vw. 

The curve is drawn smoothly except for storm depressions 
(Fig. 379) and the effects of sudden jars. It is not drawn as a 
series of connected straighHines. 
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Observe that two or more readings may be taken at the same 
station before starting in the morning and after returning in the 
afternoon. These additional observations arc seldom made by 
geologists, but the writer has found them to be of considerable 
value in showing the slope and general tendency of the curve. 
Note also that the curve is drawn through the crosses, that is, 
through the points which indicate the corrections to be applied 
at stations whose elevations have been previously established. 
The guide lines are obtained by checking. In this traverse (Fig. 
381) checking was accomplished by reference to control stations at 
1, 6, and 12; by closure at 2, 7, and 8; by branch traverse at 3; 
and by two readings with intervening wait at 7. 

392 . Application of the Correction Curve. — By means of the 
correction curve, constructed after the manner above described, 
any barometric readings made during the day 'may be corrected. 
If notes were kept by the graphic profile method, the corrected 
elevations may be written against the proper points in the profile 
section. If the notes were tabulated, the corrected elevations 
are to be written in a column for the purpose (see the tables on 
pp. 466 and 475). 

For illustration of the way in which corrections are made, 
let us take Station 14 (see the table on p. 466). The barometric 
elevation for 14 was observed to be 590 ft. at 2.35 P.M. A point 
at 2.35 P.M. in the curve, Fig. 384, is just below the horizontal 
line that would represent ‘^add 65 ft.’' Approximately 65 ft., 
then, should be added to the recorded reading, 590, thus giving 
the true elevation of Station 14 as 655 ft. 

Where stratigraphic intervals must be added to or subtracted 
from the elevations of certain strata in order to obtain elevations 
on a chosen key horizon ( 88 , 89 , 317 ), this may be done at the 
same time as the correction of the barometric readings, and the 
corrected elevation of the key horizon may then be entered in 
the notebook, in the manner suggested above, ready to be copied 
on to the map. 

393* Compiuison of Different Correction Curves for the Same 
Itonte on Different Days. — ^The beginner sometimes finds it 
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difficult to understand how dissimilar correction curves can give 
essentially the same results for the corrected elevations of the 


Table III. — Barometric REAmNOB Recorded cn a Traverse 


A 

Station 

B 

Time 

C 

Barometer 

1 Correct(‘il 

1 barometric 
rea(lin(iC» 

Blevatioiifi) 

previously 

established 

1 

A.M. 

7.00 

580 

700 

700 

1 • 

7.18 

570 

700 

700 

2 

8.00 

520 

660 


3 

8.30 

525 

665 


4 

9.00 

645 

780 


3 

9.15 

530 

665 


5 

0.40 

500 

640 


6 

10 00 

480 

6;io 

630 

7 

10.30 

485 

650 


8 

10.50 

435 

615 


9 

11.15 

440 

630 


10 

11.50 

460 

600 


11 

12 15 

495 

700 


11 

12.45 

490 

700 


11 

1.30 

500 

700 


7 

1.55 

460 

650 


8 

2.10 

435 

615 


12 

3.00 

475 

635 

635 

13 

3.30 

485 

640 


14 

3.45 

505 

655 


15 

4.10 

530 

680 


2 

4.45 

500 

660 


1 

5.05 

535 

700 

700 

1 

5.30 

545 

700 

700 

1 

7.00 

570 

700 

700 

1 

9.00 

555 

700 

700 


same stations visited on different days. We have, ther^ore, 
added Table 111 in which are listed the ^ta obtained in repeating 
the traverse shown in Fig. 381 on a second day. Figure 385 
represents the correction curve based on these data. 
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All bnrorrjotric midingfi, on thin second traverse;, wen^ lower 
than on the prece^dinjj; day (Fig. 384), so that (|uantities of over 
100 ft. had to be add(»d for correction. By careful study of 
this figure;, and comparison wdth Fig. 385, the reader will observe 
that the elevations obtained from either curve arc practically 
identical for each station. There is opportunity for a variation 
of perhaps 5 ft.- hardly 10 ft.- -in elevations adjusted from 
the part of tin; curve (Fig. 385) between 3.15 and 4.15 P.M. 
Also, a 5-ft. drop or a 5-ft. rise of the; curve at 10.30 A.M. 
(Station 7), either of which would be possible, might cause a 


6form 
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A.M. P.M. 

Tm. 385. -rorrection curve buMcd *ori data recorcled in Koing over the traverup illiiBirated 
ill Fig. 381 on a stormy day. (Cf. Fig. 384.) 


difference of 5 or 10 ft. in the corrected elevations of Stations 
8 and 11, visited between the two records at Station 7. Note, 
however, that variations of this degree would only very slightly 
alter the relative elevations of adjacent stations; and the errors 
which might affect stations rather far removed from one another 
would usually be less than the probable limit of error of the 
stratigraphy (417). 

394. Correction for Atmospheric Temperature. — As stated 
in Art. 388, aneroid barometers are calibrated to record eleva- 
tions correctly only at a specified temperature. The difference 
between the elevations (pressures) read at two consecutive 
stations will be too small if the temperatures at the stations are 
above the calibration temperature (here assumed to be 50®F.), 
and. vice versa, “These differences . . . amount to approxi- 
mately of 1 per cent'' (of the difference of elevation at the 
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Htations) “for cacH degree of temperature above or below oO^F. 
If air were a true gas its density at any temperature would be 
inversely proportional to the absolute tempc?rature . . . and a 
1° change would cause a pressure variation of 0.1961 per cent. 
Actually, the rate of change, due to the fact that air is not 
a true gas, is 0.2039 per cent for each degree above or below 
50‘^F.”^ 

For example, if the temperature at Station A were 60°F. 
and at Station B were 70°F., the average temperature wnnihl be 
65°, or 15° above the lemi)eraturc for which the instrument is 
calibrated. Let us supposes that the recorded elevation at A is 
200 ft. lower than at B. Using oi \ per cent for each degree 
(15°), the correction would be 0.2 X 15 = +3 per cent. The 
true difference of elevation would be, not 200 ft. as read, but 200 
ft. + 3 per cent of 2(X) ft., ix., 200 + 6 = 206 ft. 

Generally it is simpler to use the sum of the temperatures 
at each two successive stations, and to multiply by Jfo of 1 
per cent. If the sum is greater than 100°, the percentage factor 
is positive: if less than 100°, it is negative. Thus, in the example 
above cited, the temperatures, 60° and 70° are added, making 
130°, from which is subtracted 100°, leaving 30°. Multiply this 
result by of 1 por cent and multiply the result by the differ- 
ence of elevations, here 200 ft. 

0.1 (30) = +3 per cent 
3 per cent of 200 = +6 

The corrected difference of elevation is 200 + 6 = 206 ft. 

If the temperatures had been 30° and 50°, and the recorded 
difference of elevations 160 ft., the procedure would }>o: 

30° + 50° * 80° 

80° - 100° = 20° 

0.1 ( — 20) = —2 per cent 
—2 per cent of 160 - —3.2 

This means that the quantity 3.2 ft. is to be subtracted from 160 
ft., making the difference of elevations actually 157.8 ft. 

^ Bibliog., Hill, Eaymond A., 1929, p. 3. 
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111 order (o fiicilitatc (ho oorroction of bn-romotrio (iinoroid 
or Paulin altimolcT) rc^adings for the temperature factor, we have 
prepared thcj chart sliown in Fig. 386). On the left are shown 
feet of diff<*r(‘Tioe of c^l(‘vation between successive stations. For 
diff(‘r(inc(\s greater lhaii 100 ft., use tens and inultiply the final 
result by 10 or 100, as the casc‘ may be. Thus, if the difference 
in elevations is 320 ft., make the calculations for 32 ft. and multi- 
ply the final result by 10. Similarly, if the difference is 1,100 ft., 



Pio. 380 . — Ciraph for making icinprrature corroctioni^ in baromrtrir readings. 


calculate for 11 and multiply the final correction by 100. The 
radiating lines in the diagram represent the number of degrees 
by which the sum of the temperatures at the two stations exceeds 
100° or is less than 100°.' On the base lino are marked feet to be 
added to, or subtracted from, the difference of elevations in order 
to obtain the corrected relative elevation for the last of the two 
stations visited. For example, let the difference of elevations 
at A and B equal 75 ft., A being the lower of the two, and suppose 

■ This explanation ia for the case where the aneroid or altimeter is cali- 
brated for €0°. If the instrument is calibrated fur 60°, ' Ute radiating lines 
represent the number of degrees by which the sum of the temperatures at tin- 
tiw. stations exceeds, or is less than, 120”. 
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that the temperatures at A and B when the readings were made, 
were 65° and 75°, respectively. 

65° + 75° = 1^0° 

140° - 100° = +40° 

Find the point of intersection (a, in the figure) of the radial line 
marked 40° and the horizontal line for 75 ft. ; then, from this point 
of intersection, follow the vertical line down to the base line where 
the correction is indicated. In the present case ihis correction is 
+3.05 ft., or simply 3 ft. The true difference in elevations 
between A and B is therefore 75 + 3 = 78 ft. 

If the difference of elevations, as read on the aneroid, had been 
750 ft., the calculations would have been made on the quantity 
75, and the final result would have been 10 X 78 - 780 ft. 

If the temperatures at A and B had been 35° and 50°, and the 
difference in recorded elevations 75 ft., as before, we should have: 

35° + 50° == 85° 

85° - 100° = -15° 

The vertical through the point of intersection of the horizontal 
for 75 ft. and the diagonal line for 15° indicate a correction of 
1.15 which will be minus, i.e., subtracted from the recorded eleva- 
tion at B, since the sum of the temperatures at A and B was less 
than 100°. 

Figure 387 represents another method of correcting aneroid 
readings for difference in temperature at the observing stations. 
The difference of observed elevations at the two stations, recorded 
in feet, is shown on scale X; the sum of the temperatures at the 
two stations is given on Z; and the correction (to be added if the 
sum of temperatures is over 100° and subtracted if the sum is less 
than 100°, as given on Z) is showm on scale F. Take the example 
already mentioned, where two stations, A and B, differed in 
elevation by 76 ft. and the sum of the temperatures recorded 
at the two stations was 140°. Lay the straight-edge from 75, 
on scale X, to 140 on scale Z (Fig. 387, line This straight- 
edge will cut Y at just over 3, which is the correction, in feet, to 
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be added to 75 ft. to obtain the true difference in elevation of 
A and B. 

If the instrument is calil)rated for 60°, use a number, on scale 
Z, c(]ual to the sum of the two temperatures —20°. 



Fio« 387. — Aliunment chart for temperature correctionB in barometric readinffs. 


396. Source of Temperature Data. — If barometric readings 
are to be corrected for temperature, evidently temperature data 
must be secured during the progress of the barometric surveying. 
Such data can be obtmned by means of a thermometer carried 
)sy the geologist and read at each station, or by a thermograph 
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(self-recording thermometer) kept at camp or at the base station. 
Under normal conditions the temperature of the air rises and 
falls through each 24 hours. Its fluctuations may be plotted 
as a graph (Fig. 388), which, as will be noted, has its lowest point 
near dawn and its peak between 2 and 4 in the afternoon. Only 
in the event of abrupt weather changes is the normal form of this 
graph radically modified. Where the topography is not very 
rugged and the relief is not more than a few hundred feet, the 
method of obtaining temperature variations by a stationary 
thermograph is satisfactory. 


A.M RM. 
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sure Variations. — In Arts. 390-393, we described the methods of 
correction for pressure variations. These methods were dis- 
cussed first in order not to confuse the student; but h<‘ is reminded 
that in practice he must correct for temperature before he corrects 
for pressure. To illustrate this procedure, we have used, in 
Table IV, the data of Table II (p. 475). In column A (Table 
IV) are the station numbers; in B, the time; in C, the elevations 
read on the aneroid; in D, the temperature readings; in E, the 
drop (— ) or rise (+) in elevation from one station to the next 
(Cf. C) ; in F, the sum of the temperatures at each two stations; in 
6, the percentage adjustment in temperature (equals Ko of the 
sum of the temperature — 100); in , the actual conection (fac- 
tor in G times factor in E ) ; in /, the number of feet to be added 





AT 


AOOKKdO illHLl 


981 



GEOLOGIC SURVEYING 


487 


to, or subtracted 'from, the recorded elevation (C) to give the 
altitude reading corrected for temperature; and in J, this reading 
(C) corrected for temperature. 

At this point a few words of explanation may be given. Tak(^ 
Stations 7 and 8 as an example. The aneroid readings at 10 and 
10.25 A.M. were 540 and 505 ft., respectively; that is, a drop of 
1^5 ft. from Station 7 to Station 8. The temperatures were 77” 
and 79”, which, when added together, equal 156”, or 56” more { lian 
100”. The percentage adjustment is theretore 5.6 (column fr). 
Multiply 35 by 5.6 to obtain the actual adjustm(‘nt, 1.96, which 
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Kio. 380. — Correction curve based on same d«ta aw those used Fir. 384, hut here first 
corrected for temperature. 


is here negative because Station 8 was lower than Station 7. 
The last correction in column I was —2, obtained from the data 
for Stations 6 and 7. The present correction, —1.96, is essen- 
tially —2, which is to be algebraically added to the —2 for 
Station 7, making —4 as the correction at Station 8. That is, 
4 is to be subtracted from the elevation 505 ft. recorded at 8 
(column C). In this manner each actual correction figure is 
to be added algebraically to the last total correction figure 
in column / to find the next total correction figure, which is then 
added to, or subtracted from, the recorded elevation (column C) 
to obtain the corrected reading (column J). 

In column J, then, are the elevation values to be used in con- 
structing the correction curve for premure variations as explained 
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in Arts. 39&-392| inclusive. Figure 345 is based on the data in 
column Table IV. In column K are listed the elevations as 
(orrected by th(^ us(? of this giaph. By r(4cr('nc(^ to column 
in TabU^ II, tlu' reader will note that the altitudes of Stations 
1, 6, and 12, had already been established. 

397. To What Extent Is Correction of Barometric Readings for 
Temperature Fluctuations Desirable? — In column L, Table IV, 
are the amounts in feet, by which the adjusted elevations of this 
traverse, as corrected for both temperature and pressure, differ 
from the adjusted elevations when correction has been made for 
pressure only (D, Table II). Observe that the greatest difference 
is 12 ft., at Stations 9 and 11; also that the greatest difference in 
relative values, i.c., from station to station, is only 7 ft. (between 
Stations 2 and 3, at 8.00 and 8.20 A.M.). In view of the facts: 
(1) that, in plotting these correction curves and in applying them, 
there is easily room for an error of 5 ft. or even 7 or 8 ft. ; and (2) 
that a contour map based on the corrected altitudes of Table IV 
would not materially differ from a contour map based on the 
corrected altitudes of Table II, one may conclude that tempera- 
ture corrections arc not always necessary. To lay down a rule 
as to when they should be made, and when not, is practically 
impossible. One must remember that the greater the difference 
is between 100®F. and the sum of the temperatures at two con- 
secutive stations, the greater will be the resulting correction. 
If barometric surveying is being done in very cold weather or 
very warm weather, the aneroid or altimeter readings should be 
adjusted for temperature. In general, we would say that, if, 
in Fig. 364, the point of intersection of the diagonal and the 
horizontal lines falls to the left of the heavy vertical line, and the 
difference in elevations is 100 ft. or less, correction for tempera- 
ture is unnecessary. If the difference in elevations of consecutive 
stations is more than 100 ft., the geologist will have to use his 
own judgment as to whether disregard of the temperature factor 
will introduce t^oo large an error into his results, always bearing in 
mind the amount of permissible error as governed by the rate of 
travel (399), the area to he covered within a specified time, the 
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regularity of the geology, the contour interval to be adopted 
for the map, and so on. 

398. Degree of Precision of the Barometer Method.- The 

feeling is widespread among geologists that the barometer 
method is at best inaccurate and uncertain in its results. As 
far as the writer has been able to observe, this is not quite the 
case. If the geologist and his aneroid are reliable — and a 
satisfactory aneroid can be found by careful testing of several 
instruments— the accuracy of the results will be directly pro- 
portional to the frequency of the checking. The fewer the checks 
and the greater the interval of time permitted to elapse between 
checks, the smaller will be the chance for catching changes in 
atmospheric pressure and, hence, for obtaining true relative 
elevations by reference to the correction curve. On the other 
hand, there is a practical limit to the number of checks which 
should be made. Too many checks merely add to the work of 
correction without yielding a corresponding or necessary increase 
in the accuracy of the results. 

For detail mapping, check stations should not be over a mile or 
two apart, and not over an hour should elapse between checks. 
When, on the other hand, the object is to prepare a small scale 
map of an extensive area and to show only the larger structures, 
travel is usually much more rapid, minor details are omitted, 
check stations are selected at 5, 10, 15, or even 20 miles apart, 
depending on the rate of progress possible, and the barometric 
elevations are checked at intervals of from 1 to 3 hours. 

The reader will perceive that the barometer method is highly 
elastic. It can be made slow and fairly precise, or rapid and less 
accurate. In other words, it may be adapted to both detail 
and reconnaissance geologic mapping. Under ordinary circum- 
stances, whether progress is slow or rapid, the average relative 
error may be made less than 1 vertical in 1,000 horizontal, which 
is usually less than the variations in thickness of mappable 
groups of strata. 

399. Rate of Mapping. — Detail mapping, involving sufficiently 
careful field work to enable Che geologist to prepare a reasonably 
accurate contour map of the geologic structure on the scale of 
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to 2 miles to the inch with a contour interval of 10 to 20 
ft., may be done by the barometer method at rates varying from 
2 to 50 square miles per day. Two to four square miles should be 
mappfjd in a day where foot traversing is necessary. From 10 to 
50 square miles may be mapped by automobile. More than 25 
square miles as a day^s work is exceptional. 

In more rapid reconnaissance, for a map, let us say, on a 
scale of 2 to 10 miles to an inch and with a contour interval of 
25 to 100 ft., as much as 100 square miles, or even more, can 
sometimes be surveyed by automobile in a day. 

For both detail and reconnaissance work the size of the area 
examined in a day depends upon the number, condition, and 
distribution of roads, the abundance of outcrops and ease of cor- 
relation of strata, and whether or not the geologist has a helper 
to drive the car. 


The Plane Table Method 

400 . Definition. — In the plane table method of^geologic map- 
ping, directions, horizontal distances, and vertical distances, are 
all determined by plane table and alidade, and the map is plotted 
in the field. 

401 . Equipment. — The equipment used in this method includes 
a plane table of convenient size, a telescopic alidade, usually 
of the Gale pattern, a stadia rod., plotting scale, several sheets 
of plane table paper, two notebooks, a stadia slide rule or stadia 
tables, pencils, eraser, thumb tacks, etc. An instrument man 
carries the plane table, alidade, one notebook, and other articles 
needed for making the map; and a rod maUf who is usually the 
geologist, carries the rod, the other notebook, etc. He may 
also carry a Brunton compass and an aneroid barometer for 
occasional side traverses. 

The instrument man’s notebook is commonly ruled by vertical 
lines, the columns being labelled for the various data to be 
assembled, tn. these columns are recorded the station number; 
the level reading or reading of the vernier when the telescope 
IS levri; the vertical angle of the line of sight, and a notation 
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whether thia angle is positive or negative;^ the distance to the 
next station ; the difTerence of elevation between the instrument 
station and the rod station; the height of the instrument, or 
•‘H. I.;”- the elevation of the distant station; and other data. 



Fig. 390. — Page from an instrument man’s field notebook. (See Fig. 391.) 

Sample pages from an instrument man’s field notebook ar<> 
shown in Figs. 390 and 391. In every such book there should be 
a table giving values for vertical heights up to- at least 9“ or 10®, 
and also horizontal corrections for distances (Appendix XVIII). 

* A positive vertical angle is one between a horizontal line of sight and the 
inclined line of sight when the objective of the telescope is raised to observe 
a higher station; a negative vertical angle is included between the horizontal 
line of sight and the inclined line of sight when the objective is lowered to 
observe a lower station. 

2 The height of the instrument (H. I.) is the vertical distance from sea 
level to the horizontal axis of the telescope when the instrument is set up on 
the plane tabic for use. The instrument man sets up the plane table at 
approximately a constant elevation above the ground, making no reconl of 
this quantity unless, for some reiuK>ii, the table must be set up exceptionally 
high or low. 
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402. Preparation of the Map Paper. — In preparation for the 
field work, several sheets of paper of the proper kind are generally 
fastened, one on top of another on the plane table board. This 
is the easiest way of carrying them. These sheets should be 
niled in coordinate squares, parallel to the edges of the board, 
on the scale to be used in the mapping. One set of lines is 
assumed to run north and south, and the other set, east and 
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Fig. 391. — Pago from an indtrunient maii’a field notebook. When the notebook ia open 
this page ia to the right of the page ahown in Fig. 890. 


west. Somewhere near the middle of the sheet, through the 
point of intersection of an east-west coordinate and a north- 
south cocirdinate, a line should be ruled in the direction of the 
magnetic north in the district to be surveyed. Methods of 
determining the magnetic declination arc descriljed below (404). 

403. Centering and Levelling the Plane Table. — When the 
plane table is to be set up for use at a station, it must be centered, 
levelled, and oriented. Orienting is explained in Art. 405. 
oejttter the table, brmg the point for a station on the map 
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over the corresponding point on the ground. In geologic work 
this may be done by eye without introducing serious errors. 

For levelling, set up the plane table and roughly level it by 
eye. Place the alidade near the middle of the board. Then, by 
slightly tilting the board this way and that, center the bubble 
in the circular spirit level of the alidade. When this bubble is 
centered, clamp the angular motion of the board. 

404. Determination of Declination. — Ordinarily the magnetic 
declination (332) in a given region can l>e found by reference 
to published records or to an isogonic chart (Plate I, facing 
p. 422) ; but sometimes the geologist must determine the declina- 
tion for himself. Below are outlined three methods of doing this. 

1. If there are any previously established control stations in 
the district, such as U. S. Geological Survey bench marks, etc., 
two of these, which are intcrvisible, may be chosen for the follow- 
ing operation. They should have been carefully plotted on the 
map sheet. Set up the plane table at one of these stations, level- 
ling it as described in Art. 403. Clamp the angular motion. 
Move the alidade on the board until its bevelled edge coincides 
with the line between the plotted points for the two established 
stations. Rotate the board in a horizontal plane until the other 
station, in the distance, is in the line of sight of the alidade. 
Fasten the horizontal motion of the board and release the compass 
needle. Rotate the alidade about the point of intersection of an 
east-west coordinate and a north-south coordinate until the 
needle points to magnetic north. Draw a line along the fiducial 
(bevelled) edge of the alidade. This will be the declination line, 
making an angle with the north-south coordinates equal to the 
magnetic declination. 

2. Where the countiy has been sectionized and roads are laid 
out accurately along the section lines, the declination may be 
found by reference to these roads. Select a point on the road 
from which you can see the road for 2 or 3 miles preferably 
across a valley. Set up the plane table at this point and level it. 
The alidade should be plac^ with its bevelled edge against a 
north-south codrdinate. Center the vertical cross-hair on a 
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point in the road 2 or 3 miles away, endeavoring to choose 
this point in the same relative position across the road as the site 
of the plane table. After releasing the compass needle of the 
alidade, rotate the alidade about the intersection point of an 
east-west and a north-south coordinate near the middle of the 
board, until the needle swings freely and points to magnetic 
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north. East of the zero isogonic line (Plate 1, p. 422) the alidade 
will be turned oounter-clock-wise in this procedure, and west of 
the zero isogonic line it will be turned clock-wtse. Draw a line 
along the fiduoial edge of the alidade. This line will lie in the 
direction of magnetic north and south, and will make an angle 
with the north-south coordinates approximately eqiial to the 
npignetic declination for the district. 
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3. With a suitable book on astronomy, or with the aid of a 
person who knows the stars, first learn to recognize the constella- 
tions, Cassiopeia, Ursa Minor (the '^Little Bear”)> and Ursa 
Major (the “Great Bear'0» and the stars called Delta Ciissiopeia, 
Mizar, Polaris (the “Pole Star^Oj and the “Pointers” in Ursa 
Major. Ascertain at what time of night an imaginary line 
connecting Delta Cassiopeia, Polaris, and Mizar (Fig. 392), 
will appear to he vertical. Either Delta or Mizar may be below 
Polaris. Fifteen minutes or so before this time go out and 
carefully level the plane table. Set the alidade with its bevelled 
edge exactly parallel to a north-south coiirdinate on the map 
sheet, but support the objective end on a rectangular block of 
wood of which the right-and-left edges are perpendicular to 
the length of the alidade. This is to enable the observer to 
raise the objective end of the telescope enough to see the higher 
star. Turn the board horizontally until, by raising and lower- 
ing the objective end of the telescope, Polaris is brought into 
the line of sight. Raise and lower the telescope alternately until 
the time when both Polaris and the “Guide Star” (Delta or 
Mizar) may be brought successively into the line of sight. 
When this is possible, the north-south coordinates on the map are 
lying due north and south. Now lock the table, releasing the 
compass needle of the alidade, and turn the alidade, resting flat 
on the board, about a coordinate intersection until the needle 
points to magnetic north. Draw the declination line along the 
fiducial edge of the alidade. 

406. Orienting the Plane Table. — In most plf^ne table mapping 
the board is set up, at any station, so that its edges bear exactly 
the same relations to compass directions as at all other stations. 

The process of setting up in this way is called orienting. 
Following are three methods of orienting the board: 

1. Set up the plane table. Place the alidade on the board 
with its fiducial edge coinciding with the declination line (402), 
and with its objective end toward the north. Turn the board 
horizontally until the released compass needle points north. 
This is orientation by eompaeni 
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2. To orient by backsight^ set up the table at a given station, 
Bj and see that the north edge of the board is toward the north. 
Place the alidade so that its fiducial edge coincides with the line 
drawn from the station previously visited, A, to the station now 
occupied B, Rotate the board until Station A is brought into 
t he line of sight of the alidade. The board is now oriented. 

3. Still another method of orientation makes use of the 
l^aldwin Solar C^hart. The angle between the apparent position 
of the sun and true north is graphically determined by means of 
this chart which is so constructed that when turned until the 
proper pivot point on an arrow and the mn4ime point on a 
latitude arc are on a line parallel to the shadow cast by a plumb- 
line upon a level table the arrow points true north. A copy of 
this chart and full directions for its use may be found in Topo- 
graphic Instructions of the U. S. Geological Survey, pp. 219“225.^ 

406. Lining in a Station. — ** After the table has been properly 
oriented at a station, the location of which has been plotted 
on the map, the bearing of any visible object may be drawn 
directly. The alidade is moved until the straight-edge touches 
the side of the needle-hole or pencil dot representing the occupied 
station and the vertical cross-hair in the telescope bisects the 
distant object, the bearing of which is desired; a line drawn 
along the straight-edge will then represent the compass-bearing 
plotted to position on the map under construction. 

‘The best method to pursue in lining in a distant station is 
to grasp the ends of the alidade base with either hand; shift the 
instrument until the line of sight through the telescope falls upon 
the desired objective and the fiducial edge rests within an inch or 
two of the dot locating the occupied station; then move the 
alidade diagonally forward and to the right, keeping the vertical 
cross-hair on the distant object, until the ruler edge touches the 
proper point. If the alidade is equipped with a parallel-edge 
ruler, it is only necessary to place the instrument somewhere near 
fmd to the leH of the plotted point in such a position that the 

^Bibliog., BraDABYB, 0. H., 1928. (Quoted from Mathbr, p. 109. 
Sm Bihtiog.) 
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vertical cross-haii* outs the distant station; then push the parallel 
straight-edge outward until it touches the proper point. Some 
surveyors make it a practice to stick a needle vertically into the 
plane table at the point representing the occupied station, and 
to pivot the alidade on the needle when lining in a station. This 
practice is not recommended. Although it is an easy way for 
the novice to increase his speed, it involves inaccuracies of con- 
siderable import. If the needle is inserted far enough to hold its 
upright position, it makes a hole several times as large as neces- 
sary; the point becomes a space which on the customary scales 
represents jin area on the ground, 1^0 to 60 ft. in diameter. 

“Lines representing bearings should be drawn with the chis- 
eled edge of a 9-H pencil, being careful always to hold the pencil 
at the same angle, and to sec that the contact of rule and paper is 
perfect. By placing the ruler-edge in a position tangential to the 
tiny circle formed by a needle-hole or dot, the line when drawn 
should exactly cut the center of the ‘point. ^ If the distant station 
is subsequently to be occupied and orientation there is to be by 
backsight, the foresight line should be the full length of the alidade 
base; if not, the foresight line may be short, covering only the 
estimated position of the point. It is better not to draw lines 
through the dot or needle-hole representing the occupied station; 
break the line for a fraction of an inch. 

407. Determination of Horizontal Distances. — ^Let A and B 
represent two intervisible stations at the same elevation above 
sea level. A is occupied by the instrument man, and B, by 
the rodman. The distance A 5 is to be determined. Set up the 
plane table at A. Line in B from A as explained in Art. 406. 
Looking through the telescope, set the lower stadia hair on a foot 
mark on the rod held at B, and count the numl)er of feet on the 
rod intercepted between the two stadia hairs. Multiply this 
intercept by 100 to obtain the distance from A to B (348). If 
B is so far away that the rod does not extend across the space 
between the two stadia hairs, read the intercept on the rod 
between the lower stadia hair and the horizontal cross (diametric) 

^Bibliog., Matheb, Kirtlby, F., 1019, pp. 110, 111. 
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hair, and multiply this intercept by 100 X 2 to obtain the dis- 
tance AB (Figs. 393, 394). 

408. Long Sights. — “Occasionally, it is necessary to measure 
distances greater than 200 times the rod length with an alidade 
equipped only with three stadia hairs. Several different methods 
of procedure are available; the choice of the one to use depends 
upon the equipment of the instrument, the geographic environ- 
ment, and the custom of the individual surveyors. Some of the 
methods are in effect schemes to provide a longer rod. Others 



Fig. 393. — StadU rod in field of vm'w at 
a distance of 720 ft. (After Kirtloy F. 
Mather; reproduc<*d with prrniiBnion of Sci- 
entific Laboratories of Deiibon Vniverwty.) 



Fio. 394. — Stadia rod in the field of view 
at a distance of J,740 ft. (After Kirtley F. 
Mather ; reproduced with permiBsion of Sci- 
entific Lahoratorien of Denipon Lniversity.) 


depend upon trigonometric principles. The method numbered 
5 is probably best suited to the more common conditions met in 
geologic mapping. 

“1. Rotate the telescope 90° in its sleeve so that the stadia 
hairs are vertical instead of horizontal. Signal rodman to mark 
his station with a flag or to select a certain sapling or post for 
his station. Place one hair on the station and signal rodman to 
move at right angles to the line of sight until the rod, held verti- 
cally, is in line with the other stadia hair. The rodman will then 
measure the distance horizontally on the ground from his second 
pordtibn to his first, using the rod as a measuring stick, and report 
result to the instrument man. Distances of 4,000 to 7,000 
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ft. may be deleriiuned with a fair degree of accuracy by this 
method. It may be used to advantage only when the two men 
are able to communicate freely by signals such as the two-arm 
semaphore code. 

“2. Rotate the telescope as before. Signal rodman to hold rod 
horizontally and to be prepared to move laterally so that the 
base of the rod will occupy the point now occupied by its top. 
Intersect base of the rod with one stadia hair. Signal rodman 
to move over in the desired direction a sufficient number of rod- 
lengths so that the other stadia hair will finally intersect the rod. 
Read intersection; add the mimber of feet indicated by the length 
of the rod multiplied by the number of moves; multiply by 100 
or 200 depending upon which hairs were used. 

“3. If instrument is equipped with a Stebinger gradienter drum 
attached to the fine adjustment screw, proceed as follows: place 
bottom hair on lowest visible primary division of the rod; read 
and record Stebinger. Turn Stebinger drum until middle hair 
rests on the top of the rod; read and record Stebinger. Take the 
difference of the two Stebinger readings; turn an equal number of 
divisions in the direction which brings the middle hair down onto 
the rod; observe the number of feet between the top of the rod 
and the intersection of the middle hair. Add this to the length 
of the rod which was above the bottom hair at the first reading; 
the sum multiplied by 200 is the horizontal distance. For 
example 12 ft, of the rod are entirely visible and the middle hair 
is well above the rod when the bottom hair rests 12 ft, below its 
top. In that position the Stebinger drum reads 24. Turn down 
until middle hair touches the top of the rod; Stebinger reading 
is now 60. The difference between the two readings is 36. Turn 
down 36 divisions more, to 96. The middle hair now intersects 
the rod 3.4 ft. below its top. The horizontal distance is 200 X 
(12 + 3.4) or 3,080 ft. 

*'4. If instrument is equipped as in 3 and there is at hand a 
table previously prepared for this particular instrument, showing 

1 Thia, and the foUowing examples apply only to those instruments in 
which a clock-wise rotation of the Stebinger drum depW^sses the objective 
end of the telescope. 
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Stebingcr factors/ Le,^ the differences in elevation at the unit 
distance of 100 ft. corresponding to the vertical swing of the 
telescope denoted in divisions of the Stebinger drum, proceed as 
follows: place one hair on the top of the rod; read and record 
Stebinger. Turn down until that hair cuts the lowest visible 
primary division of the rod; read and record Stebinger. Take 
the difference of the two readings. Repeat for each of the other 
two hairs. The three results should check. Select from the 
table the Stebinger factor corresponding to that number of 
divisions. Note the number of feet passed over on the rod; 
multiply it by 100 and divide by the factor. The result is the 
horizontal distance. For example: 18 ft. of the rod are visible. 
With the middle hair resting on the top of the rod, the Stebinger 
reading is 62. When the middle hair is turned down to the 
primary division 18 ft. lower, the reading is 106. Difference of 
the two readings is 44; corresponding factor is 0.4111; horizontal 
distance is 1,800 -5- 0.4111 = 8,160 ft. 

'^This method is frequently employed by ingenious surveyors 
to good advantage in determining distances without the use of the 
stadia rod. Any two points, one above the other, at known dis- 
tances apart suflEice; two flags at a measured interval, the crown 
plate and girths (commonly 8 ft, apart) of a standard derrick, 
the eaves and lower copings of a church tower, are listed merely 
as suggestions. If the location of such a target is plotted, the 
surveyor may shoot hiniself in^ with a fair degree of accuracy, at 
any point from which it is visible. 

*‘5. If alidade is equipped as in 3, an alternative method which 
may be used is as follows: place middle cross-hair on top of rod; 
read and record Stebinger, denoting the record as A, Turn down 
until middle hair intersects the lowest visible primary division; 
read and record Stebinger (record B). Turn down until top 
hair rests on top of rod; read and record Stebinger (record C). 
Compute distance by the formula 

Tl^ preparation of such a table and the mathematical principles on 
which based are diacuased on pp. 522-523. 
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in which D represents the distance, r the length of the rod above 
lowest visible primary division, and A, fi, and C, respectively, the 
three readings of the Stebinger drum. For example: a 13-ft. rod 
is entirely visible. The middle hair on top of rod gives a Steb- 
inger reading of 31; middle hair on bottom of rod gives a reading 
of 54; top hair on top of rod gives a reading of 78. 

78 — 31 

Distance = 200 X 13 X ^ _ 3 ^ = 5,300 ft. 


“The formula may !)« more easily recalled if one has grasped 
the principle upon which it is based. The Stebinger difference, 
C — A, is theoretically a constant, the measure of the angle 
between the rays converging from the top and middle cross- 
hairs to the focus of the telescope. If the rod at the dist ant point 
were of sufficient length, the intercept subtended by this angle 
could be read and, multiplied by 200, would give the distance 
to the rod. That is, if i be taken to mean the length in feet of 
that hypothetical intercept, 


But 


f = D 200 
t:r::C - A:B - A, 


for the Stebinger difference C — A is the measure of the angle 
defined by the chord i and B — A is the measure of the angle 
defined by the length of the rod at the same distance. Therefore, 


or 


(D - 5 - 200):r::C - A:B - A 


D 


C- A » 

B~-A 


409 . Inclined Sights. — ^“This discussion of the measurement 
of distances with the stadia ( 407 , 408 ) has been based on the 
assumption that the rod is always held perpendicular to the line 
of sight and that the desired distance is to be measured along that 
line. As a matter of fact, most of the sights in stadia work 
are taken not on a level, but on a slope or inclination, as sug- 
* Bibliog., Matbbb, KiHTLsr F., 1919, pp. 114-117. 
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gested in'' Fig. 396 (361). “Consequently if the rod is held 
vertically, the stadia intercept is somewhat more than it would be 
when held perpendicular to the line of sight, and an element of 
error is introduc(^d. This error amounts to 1 per cent of the 
distance for a gradient of 8®, 2 per cent for 11®, and 3 per cent 
for 14°, It may obviously be corrected by tilting the rod so 
that it is perpendicular to the central visual ray from the tele- 
scope. This may be accomplished by attaching a short pointer 
to the rod at right angles to its face and aiming this pointer at 



Fio. 896.*--Pift|IEram illuatratiiig tho atadia principh' appliod to inclined aightB. (After 
Kirtley F. Mather; reproduced with pennifiBion of Scientific Laboratories of Denison 
University.) 

the instrument when the sight is taken. It is, however, difficult 
to hold the rod steadily in this position and this corrects only one 
of the two discrepancies. It is, therefore, customary to hold the 
rod vertical no matter what the angle of slope may be and make 
the correction in the tables for distance and elevation. The 
second discrepancy is due to the fact that the distance td be 
plotted is the horizontal distance from telesci>pe tn rod, not the 
inolined distance. So far as plotting is concerned, this dis- 
crepancy, and,' therefore, the angle of inclination, must be fairly 
large, bef<»e it need be taken into account; how large depends 
^p(tn,the scale of the map, but for most work it may be neglected 
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for all angles of less than 3°.” (Sec* p. 444.) “With an angle of 
this discrepancy amounts to alxjut 1 per cent, which for a 
distance of 1,000 ft. is little more than the diameter of a needle 
hole on a scale of 1:31,250. 

“The stadia tables ordinarily used include the correction for 
horizontal distance of inclined sights. In practice, such tables 
should be consulted Ix^fore plotting distanc(»s determined by 
sights which depart more than 3"^ from the horizontal. Reference 
to the accompanying diagram (Fig. 395) will make c;lear the 
mathematical formula ui)ou which th(‘ cornM’tion tables are 
based. In the diagi’am, AB represents the int(n‘C(ipt on the rod 
held vertically, CD the intercept on the rod held perpendicular tx) 
the line of sight from G, GK, the distance from table to rod in the 
line of sight, and GF t he horizontal distance from set-up U> station. 
The angle of inclination of sight, and the equal angle l)et wchjii the 
two positions of the rod are indicated by m. For all practical 
purposes, A ACE and EDB may be assumed to bt', 90®. By 
< rigonometry , 

CD = AB cos m 

and 


But 


OF = GE cos m. 

GE = lOOCD = 100/1 B cos w; 


therefore, by substitution, 

GE = 100.4B cos® niy 

by means of which the horizontal distance may be computed 
from the rod intercept and the angle of inclination," 

For the vertical distance EF (Fig. 395), we have the following: 


and 


EF = GE sin m 
GE s= 100i4B cos w, 


as stated above. By substitution, 

EF = lOO^B cos m sin f». 
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From trigonometry, 

sin 2nh — 2(sin m eos m), 

Th(!r<*fore, again by substitution, 

EF — 100-4/^ • sin 2m. 

“The correction to be applied to the observed distance on 
inclined sights may be determined without reference to tables or 
forrnuhe by m<'ans of the Beaman stadia arc, an attachment for 
the mechanical solution of the stadia problem . . . The arc 
carries twt> scales, a multiple scale and a redu<‘tion scale, having 
coincident zero points marked 50 and 0, respectively. The 
reduction scale is, of the two, the more distant from the adjustable 
index and gives perc(»ntages of correction that may be used to 
reduce observcnl stadia distances to horizontal. The adjustable 
index should be set oiJ])osite the zero of the reduction scale when 
the telescope is It^vel. To get the ne(*essa)y correction, simply 
read the same scale with tlie line of sight cutting the distant 
station. Reading to the nearest per cent is usually sufficient. 
For examph^: the reduction scale reads 3 with an observed rod 
intercept of 16.2; then 3 per cent of 1,620 = 48.6; 1,620 — 48.6 = 
1,571.4 = corrected horizontal distance.^'* (See Art. 4120 
410. Correction for Curvature and Refraction. — No matter 
what method of determining vertical distances is used, a correc- 
tion for curvature and refraction must be applied to all ‘shots ^ 
of a mile or more in length. The level datum to which all eleva- 
tions are referred is a surface having the curvature of the earth; 
the line of sight through the telescope in a level position is tangen- 
tial to this curved surface; therefore, distant objects appear to be 
lower than they really are. In the greatly exaggerated Fig. 396, 
for example, point B appears to be at the same level as the instru- 
ment, whereas it is really at a height CB above the level line. 
The result of curvature can be determined with reasonable 
accuracy. It varies directly as the square of the distance and 
Bibliog., Mathbr, Kimver F., 1919, pp. 117-119. 
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may be computed by the formula: curvature = 0.667 X Z)®, 
where D is the distance in miles. ^ 

^‘Refraction, on the other hand, has the opposite effect. 
When light rays pass obli(|uely from one air stratum to another of 
different density they an' bent or refracted from their original 
position. In Fig. 396, the light from the target at /f, passing 
into air strata of increasing density as it tra\’els to the alidade' at 



Fio. — DiaKraiu, Rreally oxaRKerftted, to illii.sirato infliHMU'P rurvalure aiul lofrar- 
tion upon oV»Her vat ion» for rtelf nnininR in elevation between two poiniH. (After 

Kirtley K. Mather; re)iro(lujed with periiiisuioii of Scientiftc l^aborntoi iea of Deniaon 
University.) 

the left, Ls bent downward and entors the telescope as though it 
had come by a straight line from A. Thus, the effect of normal 
atmospheric refraction is to make distant objects appear higher 
than they really are. It, therefore, tends to d(icrcas<i the curva- 
ture correction, as shown in the figure. The amount of refraction 
depends upon the density of the air and is, therefore, quite vari- 
able. It is much great/er near the ground than 3 ft. above it, 
and generally greater at midday than early in the morning or 
late in the afternoon.* The empirical valuation ordinarily 

^ Ibid., with some changes. 

• Obviously, the refraction to which reference is here made is not that of 
the direct rays of light from sun or stars. The refraction for which correc- 
tion must be made in determining sun azimuth is least lietween 9 A.M. and 
3 P.M. 
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placed upon the effeci-H of refraction p;ivos the combined formula : 
curvature plus refraction = 0.57186 X 

“A tables showing corrections bascid on this formula may be 
found in the ordinary stadia table's. Thei correction amounts to 
only 0.1 ft. for distances of 2,200 ft., 0.2 ft. for 3,125 ft. and 0.5 ft. 
for 4,940 but incn'ase's rapidly to more than 5 ft. at 3 miles and 20 
ft . at 6 miles. It may safely Ijc disregarded for the great major- 
ity of rod 'shots,' which will 
of course be less than 3,000 
feet long."^ 

Th(' correction is alw^ays a 
positive quantity and should 
be added algebraically aftei* 
the proper sign has been 
placed in front of the vertical 
distance as instrumentally 
(k'termined, an angle of elev 
vation giving a plus sign and 
an angle of depression giving 
a minus sign. Occasionally, 
bn- TH'arly lev(4 sights, the 
correction to be applied for 
curvature and n'fraction will be greater than the observed 
difference in elevation, but no confusion will arise if the rule 
stated in the first sentence of this paragraph be rigidly observed.* 

411, Methods of Determinmg Location. — There are four 
methods of locating points for map construction by the plane 
table. They are radiation, intersection, resection, and progres- 
sion or traversing. Intersection and resection are the two prin- 
cipal modcas of triangulation. 

1. The method of radiation is illustrated by Fig. 397. a, b, c, 
and d are stations to be located. Set up the plane table above 

' Bibliog., Mather, Kirfley F., 1919, pp, 135^137. . The original text 
haa been somewhat modified. 

* This paragraph has been modihed from Kirtley Mather’s article. 



Fig. 397. — Mapr>ing h.v the iriclhcxl of ru<Jiii> 
tioii. The BquHie reprcaontJS the plune tablv 
board. 
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nny j)<)iijt, .s, from which the .stations an' visible'. If an open 
sight alidade is used the.se stations must also b<^ jw*c(*ssible from 
.s. Orient if necessary. Let s' be the position of t his point on the 
map. 5 is vertically below s'. Place* tlie fiducial e»dge of the* 
alidade against s', sight at the rod held at a, and draw a line 
from s' toward a. Measure sa (407). Lay off s'a' on the scale* 
adopted for the map. In like manner [)lot s'//, s'c', and sV/'. 
In each case find the elevation of the distant point and record if 
on the map (412). 



398. — Mapping by tho mctiio«j of inlHTsfetion. The Kquarm ropiescnt difTcmit pewi- 
tions of the plane table. 

2. The method of intersection is illustrated in Fig. 398, where a, 
6, c, d, e, and/, are points to be plotted. Set up the plane table at 
a given .station, a. Let a' on the map represent a on the ground. 
Sight with the alidade at 6, c, d, c, and /, and draw lines from a' 
toward these points. From a measure the distance to one of the 
stations, c, and lay off a'c' on the scale adopted for the map. Set 
up at c by backsight on a (406), From c .sight at h, d, e, and /, 
and draw lines toward these points from c'. The intersection 
of the two lines of sight from a' and c' to each point will determine 
the position of this point on the map. The angle made by 
these two lines at each point a'e'c') should not be less 
than 30® or more than 150®. Whenever possible it should 
approximate 90®. Elevations of the distant stations may be* 
determined as described in Art. 412« 





508 


FIELD GEOIjOGY 


To check the work, the observer should always sight from a 
third station at all points previously located by two-lino inter- 
se(!tions (Fig. 399). If the lino from the third station does not 
pass through the inb'rsoction point for any oihor station, there 
has b(‘on an error in the plotting and the mapper may have to go 
back and rejx'at until his error has Ixjen discoven^d and (x)rrected. 
The eh^vation of any station can be checked by Heading the verti- 
(*al angle to this station from a second and a third station and 
computing the elevalion in each case. 



Fki. 390.--Enlurg^niciit of th<* plot shown in Fig. 31)8. All points ars IIximI hy tlu* inter- 
scot ion of at least three lines. Full lines were sighted from a, dashed lines from c, and dotted 
lines from d\ a, e, and d, being the stations representefi by a', r', and d\ 

By advancing from station to station, alw^ays locating points 
by intersection in the manner just described,^ any number of 
stations may be plotted. The lines joining stations will form a 
network of triangles, a triangulatimi net. The proot'ss of develop- 
ing this not is called expansion. Expansion may be accomplished 
by building up a series of triangles, quadrilaterals, or polygons 
(Fig. 400). 

The method of intersection requires the actual measurement of 
the length of but one line, termed the base line (ac in Fig. 398). 
In most cases, however, the system should be tied to a check base 
line at the others end of the net (Fig. 400, D). The accuracy of 
the. whole net is proportional to the degree of precision with 
4l|e$h the hase line is meaiiiured. Errors in triangulation tend to 
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balance out, but not «o with the base line, which should, therefore, 
be measun^d as accurately as practicable. The position of the 
l)ase line should be chosen on as open and as level ground as 



A B C D 

Fig. 400. — TrianfciiUtion nt'lH coiiHinOni; of a of (A), (|ua<lnluirraU (B)« 

polyRunb (C), and iniorHactitiK polyeonH (I)). In each fijsiire mo is the bane line, nt i« a 
check base line. A is the least accurate ructh<Kl. B and D are niowt inutislaetory. 

possible. It should be of such a length in the field that it will bo 
at least 2 in. long when plotted to scale on a plane table map of 
any scale. ^ 

3. The method of resection, or ^^ciitting in,^’ is virtually inter- 
section backward. l.«et a, h, and c, 
in Fig. 401, be three .stations previ- 
ously determined, and let a', 6', and 
c' represent these station.s on the 
map. The observer is at d and 
wishes to ascertain his location with 
respect to a, 6, and c, which arc 
visible from d. Set up the plane 
table at d and orient it by compass. 

Lay the fiducial edge of the alidade 
at a' and turn it until a is in the line 
of sight. Draw a line from o' away from a. Place the alidade 
against b', turn it until b is in the line of sight, and draw a line 
from b' away from b. This line intersects the line from o' at d\ 
Check by repeating this operation for a third station, c. If 

^This does not mean that the line on the map should not be drawn 
6 or 8 in. long when its direction^ is plotted, in order to faeilitate laying 
the alidade along it. - 



Fig. 4()l.--'MappinK by the 
method of rcaection. The square 
represents the plane table. 
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only two stations, a and />, are visible from r, no satisfactory 
check of this kind is possible. 

If the line from c' intersects a'd' and 6' d' at d', d' is the correct 
location of th(‘ point (Fig. 401). If it does not, the three lines 
will form a triangk of error ^ which may lie? inside or outside the 
triangle made by the tliree fixed points (a', //, and c') on the map. 



Fig. 402. — DifForent a6i)«ct.H of the three-point problem. The “point HOiight,*' in each 
oaae, is the correct poBitiori, on the map. of the station occupied. The arrows are the linen 
drawn toward the three stations in the field. (Reproduced from I. C. Tracy’s "Plane 
Surveying" by perinuwion of John Wiley & Sons, Inc.) 

and inside or outside a circle w'hich passes through these three 
fixed points.^ In this case the correct position of the observer 
can be found through a series of approximations by the appli- 
cation of the following rules: (!) The desired point will be on the 
same side of each of the three lines, when looking from the tri- 
itngle of error, toward the respective stations; e.g., in Fig. 402, 

1 If the tmngle of error falls about on this circle, it is well to substitute 
another station for one of the three fixed points. 
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llic is on the right of oach line* (arrow). (2) If thr tri- 

angle of (MTor is inside the triangle made by th(' three points 
(a', 5', and c/ in Fig. 401), th(‘ obs(»rver\s position is irisidt* the 
triangle* of error, and e/re veraa. (3) The distanec* of the observ- 
er's position from tlu* thret* lines is proportional to the Uaigths 
of theses lines from the fixt‘d points to th(* triangh* of (;rror. 
Having chosen a point, rV (Fig. 401), for tlu* approximate j)osition 
of the observer, draw a line from (f to //, the most distant of the* 
three* fix(*d points, lay the alidade against <fh\ and turn the 
board until tlui sights are in line with h, C'heck by sighting along 
(V a' at a and along c* at r. If there is still a triangh* of error, 
repeat th(‘ ])ro<‘e(hire. 

4''hc solution of this thrrv-point proUemy as it is called, may 
be performed graphically as follovv.s: if a triangle of error is 
obtained by drawing lines from the three fixed points, as d<*scribed 
above, rotate th<* table a little* and, in just the* same* way, draw 
three mon; lines from the saim* thr(*e points, making anoth<*r 
like triangle of error. If this second triangle* of error is larger 
than the first, rotate* the table in th(* opposite* direction, and try 
again. It will be found that the triangle will r(‘a(h a minimum 
size; and then, with continued rotation of the table in the sann* 
dire<;tion, will become larger again and inverted. In s(*(;king the 
correct position of th(^ occupied station, refer to a triangle of 
error in normal position and another in inverted position. Draw 
straight lines connecting the corresponding apices of these two 
triangles. The eorr(*sponding apices in the two triangles arc^ 
those from whi(*h sight lines worn drawn from the same distant 
station. The three lines connecting these apices will intersect 
in a point which will be the observer's correct position on the* 
map.^ Lay the alidade against this point and the most distant 
fixed point, rotate? the table until the station rcprescmted by this 
fixed point on the map is in the line of sight of the alidade, and 
then check by sighting at the other two stations. 

^ These lines do not meet mathematically in a point, but, on the scale of 
ordinary plane table work, they will so nearly meet at a point that for 
all practical ptirposes they may^elconsidered to do so. 
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A third UHcful, but less ae.eurate, solution is accomplished by 
means of tracing paper. P^asten the tracing paper to the board, 
orient the tabh* by compass, let a i)oint near the center of the 
paper be the obs('rv(T\s position, lay the alidade against this 
point, and sight suce(‘ssiv(‘ly at thr(‘e distant stations already 
d(itcrmined, each time drawing a line from the station of the 
set-up. Unbisten th(» tracing papea- and shift it on the board 
until the thn^e lines fall over th(' plott(*d points for the three 
distant stations. Prick through th(' obs(n*ver\s position. Test 
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Fia. 403. — 'Mapping l»y the infthcxl of progression or traversing. The <lott( I line is a 
check wight line iiuide liy the ohsei vei at c looking toward a. The squaies refill nt different 
ficMitioim of the plane table. 

the (correctness of tiue location in the way described for the 
preceding methods. 

From the verti(;al angles measured from d to a, b, and c, of 
which the elevations arc already known, the elevation of d can be 
(‘alculated ( 412 ). 

4, The method of progression, commonly termed stadia trovers- 
ing when a telescopic alidade and rod are used, is illu.stratcd by 
Fig. 403. a, h, c, and d are points to be plotted. Let a' on the 
paper represent a on the ground. Set up the plane table at a 
and orient it by compass or, preferably, backsight or reaction 
from some fixed points. Place the fiducial edge of the alidade 
against a' and sight at 6. Draw a line from a' toward b. Deter- 
mine and lay off the distance, ab, on the scale adopted for the 
map« along the line just drawn. This will locate b'. Set up at 
^ and orient by backsight on a. Place the fiducial edge of the 






GEOLOGIC SURVEYING 


513 


alidade at 6' and sight toward c. Draw a line from V toward r. 
DetermiiK' he and lay off l/cf. Set up at r, oric'nt by backsight on 
6, and continue as before. When possible* sight back from a 
given station, such as c (Fig. 403), to an earlier station, such as a, 
and note whether the direction from c to a coincides with the 
line c'a'. This w'ill serve* as a check on the work. In passing, 
always tie; the traverse to fixed points, previously located, and 
if there is an (*iTor of closure, correct that part of the traverst? 
which has not yc^t been corrected, as explained in Art. 376 . At 
its end, too, th(» traverse should be tied to a fixed point, and any 
error of closure should be corrected. 



l^xa. 404. — A plotted IravorHo, 8howiug side puiiits locuied hy intersection, m, perpendicu- 
lar ofTset, «, t, and radiation, w, x, y. hf and h4 are (5iicc,k sight liiic.s from h. 

Features on one or the other side of the course are plotted in by 
eye estimate, by ix^rpendicular offset with measured distance 
(« and t in Fig. 4(M), by radiation (w, x, y, in Fig. 404), or by 
intersection from two or more of the stations of the traverse 
(m in Fig. 404). Such intersection often helps as a check on the 
traverse. 

In common practice, when mapping outcropping strata, the 
instrument man occupies one station, A, and reads the rod held 
by the rodman at B. This is a foresight reading. He then 
proceeds to Station C, after having been signalled to do so by the 
rodman, and again reads the rod held at B, This is a backsight 
reading. Then the rodman goes to D and the instrument man 
reads the rod held at D) and so on. Thus, instrument man and 
rodman alternate along the main traverse. The rod stations 
{By Dy etc.), on which foresight and backsight readings are made, 
are tuming-poinis (Cf. p. SFD." 
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"riio rodmati, who is the ^eolo^ist, sok^rts his ow^n route which 
is governed by the naturci of thV geologic (evidence sought. In 
regions of moderately dipping strata, he (endeavors to walk the 
beds (310, 317). He holds the rod at points which he chooses 
with a view to the subsequent mapping of the structure. Most 
of these points lie on one or the other side of the main traverse. 
They are called inUrmediate stations^ and the sights (lines) made 
by the instrument man toward them are popularly termed side 
shots. The reader will understand that relatively few’ rod stations 
are turning-points. Only when the rodman signals the instru- 
ment man to proceed to a new station does he (the rodman) 
establish his location as a turning-point. Notice, further, 
that the (ihoice of route therefore rests with the rodman 
(geologist). 

412. Determination of Elevations. — When plane table mapping 
is undertaken with a small plane table and an open sight alidade, 
the differences in elevation of the various stations may be over- 
looked, or they may be determined by barometer (382, et seq,). 
On the other hand, if a telescopic (stadia) alidade is used, an 
effort is generally made to obtain the altitudes of the stations 
with some degree of accuracy. In the latter case, the difference 
in elevation between tw’o stations may be found by direct level 
reading, stepping, vertical angle, Beaman stadia arc, and Stebin- 
gcr drum. 

1. Suppose that A and B are two intervisible stations of nearly 
the same altitude. Set up and orient the table at A and place 
the alidade in proper position for sighting at the rod held at B. 
I^evel the telescope by the striding level. Sight at B. If the 
middle cross-hair falls on the rod, read the length of the rod 
between this cross-hair and the base of the rod. If the height 
of the instrument (H.I.) at A is known, subtract the rod reading 
at B from the HJ. at A to get the elevation of B. In levelling 
this is called h foresight reading. If the elevation at B is known, 
add the rod reading at B to the elevation of B to obtain the H.I. 
at 4. This is a backsight reading. A station upon which a 
is taken to establish the H.I. is a turning-point (Cf. p. 
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513). The student should remember that an error made at a 
1 urning-point will affeet every sueeeeding reading. 

2. In stepping, proceed as follows: level and orient the board 
at Station A, place the alidade in proper position, sight at tht' 
rod held at B, and draw the alignment, ab. Determine th(* 
distance, AB ( 407 ). Let us assume that B is higher than A, 
Level the tel(‘scope by the striding level. Looking through the 
telescope, ehoost* some recognizable object, siu^h as a rock, bush, 
etc., which is crossed by the horizontal cross-hair. Revolve th(* 
telescope on its Jiorizontal axis until tlu^ lower stadia hair is on 
this object. This is a half step, or a half interval. Note a new 
object crossed by the upper stadia hair. Rc^volve the telesco|)e 
till the lower stadia hair is on this object. Repeat, recording 
the number of steps until the upper stadia hair falls on the; rod at 
B, Read the rod and wave the rodman to procecnl. The eleva- 
tion at is the total number of steps times th<* vertical stadia 
interval for the distance, AB, minus the rod reading. If E 
is the elevation at Station B, H.I. is the height of the* instrument 
above sea level at Station A ; JV is the number of steps, including 
the last one which brought the upper stadia hair on to the rod ; 
S is the vertical stadia interval ( 348 ) for the distance AB; and 
R is the reading of the rod where crossed by the upper stadia hair; 
then 


E = (H.I.) + {N X S) - R. 

If B is lower than A, the proccas consists of stepping down, 
and the formula becomes, 

E = (H.I.) - (AT X S) + 

'‘The step method when used by an experienced instrument 
man is very fast and fairly accurate. It is not, however, suffi- 
ciently accurate for important work, as there is wide margin of 
error involved in the placing of one hair in the position previously 
occupied by another. Moreover, there is no simple way of 
correcting the error resulting from the inclination of sight to the 
rod when the intercept iajread. The step method should nevi r 
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he used when more than six steps arc necessary, nor to determine 
the elevation of a turning-point or set-up. It is well fitted to 
serve as a check upon the more accurate methods next described, 
when there is need for especial care to guard against error.” ‘ 
3. The elevation of Station B can be found by measurement of 
the vertical angle between th(‘ horizontal Uik; of sight at Station A 
and the inclined direct line of sight from A to B (Fig. 405). 
After setting up the i)lan(‘> table and placing the alidade with its 
fiducial edge parallel to A B, raise or lower the tehiscope, with its 
clamp loosened, until the middle cross-hair rests near the foot 
mark of the rod. Tighten the clamp and by the tangent screw 
accurately place the middle hair on the foot mark. Record 

^us^fe 


Fiq. 405. — Illuatrfttion of h niethod of dotermiiiirig vertical aiiKlcs. 

this foot mark in the notebook and wave the rodman off the 
station. On the vertical arc read the angle of inclination of the 
telescope to the nean^st minute and record this under “Angle,” 
Ijcvel the telescope, read the vernier again, and record the reading 
under “Ix>vcl.” Angles upward from the horizontal are positive, 
and those downward from the horizontal are negative. Alge- 
braically subtract the plus or minus angle (as the case may be) 
from the level reading to obtain the included vertical angle 
(Fig. 405), The difference of elevation corresponding to the 
included angle for a horizontal distance of 100 ft. can be found 
by using a stadia conversion table or a stadia slide rule. Multiply 
this quantity by the number of hundreds of feet in the distance, 
ABt to get the difference in elevation between these stations. 
II the base of the rod was not used, the computed difference of 
devation must be corrected accordingly. The corrected quantity 
Mathkb, KiartiST F., 1919, pp. 123, 124. 
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is to be recorded under ^^Diflferonce of Klevation,” and is to be 
marked minus if B is lower than A , and plus if B is higher than A . 
Algebraically add this quantity (the difference of elevation) to 
the H.l. at A to obtain the elevation of B, 

vertical angle of 1 minule subtends a chord of 0.3 ft. at a 
distance of 1,000 ft.; hence i< is imperative that no mistake be 
made in selecting the vernier division whicdi coincides most closely 
with a line of the main scale. Most surveyors make it a practice 
always to use a pocket magnifier in, reading the vernier. It is 
also easier to detect offsets of the main scale and vernier division 
lines if one looks obliciucly along th(‘ lines at an angle of 30® or 40® 
with th(^ face of the s(;ale than it is when observing the vernier 
face from a direction perpendicular to it , . . 

“The procedure of the instnimcnt man should be planned 
(explicitly to minimize* the length of time the rodman is kept at a 
station. Just as much of instrument work as possible should be 
done after the rodman has been Svaved on.^ With this in mind, 
the instrument man signals the rodman as soon as the cross-hair 
is set on the select(;d mark on the rod; after the rodman has 
d(*,parted he reads and recjords the vernier, levels the telescope, 
reads and records the new position of the vernier, wherever it 
happens to be, and determines the vertical angle by subtraction. 
He is then under no pressure of haste in reading the vertical arc 
and in centering the level bubble. To increased speed of geo- 
logic work is added thereby greater accuracy in instrumental 
observations^ . . . ’^ 

“4. Beaman Stadia Arc , — The reading of vertical angles may 
be avoided by the use of the Beaman stadia arc . . . This is a 
specially graduat(^d vertical arc Mrhich may be attached to the 
vertical limb of a transit or telescopic alidade. It carries two 
scales, of which the one nearer the adjustable index is known as 
the multiple scale because it indicates multiples for obtaining 
difference in elevation. The zero point of this scale is marked 
50 and its divisions are so spaced as to be proportional to one- 
half the sine of twice the auglcLthrough which the telescope moves. 

^ Bibliog., Mathbr, Kirtlky F., 1919, pp. 127-128. 
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“To (lotormine diflferonees in elevation read the distance sub- 
tended on rod and (express in fe<‘t (for example, 8.7 = 870 ft,). 
Clamp telescope and k?vel. Set index exactly at 50, by means of 
the tangent screw back of arc, and do not touch this tangent 
scr(*w again. 

“Then, by means of the customary clamp and tangent move- 
ment, raise or lowc^r telescope until there is brought exactly 
opposite' the indtjx such a graduation on the multiple scale as will 
throw the middles stadia wdre somewhere' on the rod, it dcH's not 
matter where. The arc reading, minus 50, multiplied by the 
observed stadia distance gives the difference in elevation between 
the instrunuuit and a knowm point on the rod— that is, the height 
on rod indicjated by middle \vire. Settings of both index and 
arc should be made carefully under reading glass. 

“Example: suppose observed stadia distance is 6.3 ((>30) ft. 
and that telescope is so inclined that multiple scale reads 58, 
at which exiw^t setting the middle wire on rod reads 7.2 (7.2 ft. 
above base of rod) then multiple is 58 — 50 = +8, and computa- 
tion for a fore sight would be 


6.3 

8 

+50.4 

-7.2 

+43,2 ft. base of rod above H.I. 

“If middle wire were set on H.I. or top or other fixed point on 
rod and the arc were read by estimation (for example, 54.2) 
to obtain a multiple, the result would be approximate only; there- 
fore, this method is not to be used with this attachment. 

“If the half-wire interval is read and this reading is then 
doubled to get the stadia distance, it occasionally happens that 
no even multiple arc setting which will throw middle wire on rod 
can be found. /Tn this case make arc setting that will throw the 
lowen wire anywhere on rod; the middle wire will then be some- 
%hera above the top of the rod. Then take multijde as read on 
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arc, but compute position of middle wire above base of rod by 
adding one-half the expressed stadia distance (in feet subtended) 
to the reading of the lower wire. 

“Example: if the half wires subtend 7.2 on rod, t her distance 
would be 7.2 X 2 = 14.4 (1,440 ft.). If the lower wire cuts the 
rod 8.7 ft. above its base, the computi'd middle wire reading 
would be 8.7 + 7.2 = 15.9 ft. abovcj base rod. Then compute 
as before.^ 

“The advantages of the stadia arc are n^adily apparent. Tlu* 
use of stadia tables, slide rules, or diagrams is entirely obviated, 
nor is there any vernier to be read. The ac^curacy of the result is 
identical with that obtained from formula or table computations; 
in fact, differences in elevation may be read more closely than 
is possible where vertical angles are determined only to the near- 
est minute. Moreover, the simplicity of the process eliminates 
many of the chanc(^s of error whicii an^ incidental to the use of 
other methods and gives final results in minimum time. The 
use of the ar(^ is, however, limited to sights which involve the 
reading of the stadia rod, and for most ‘shots' it holds the rod- 
man on the station longer than is necessary with certain other 
methods, 

“5, Stebingcr Gradienter Drum . — The accuracy of a sensitive 
bubble vial in the striding level is greater than that implied by the 
reading of the vertical angle only to even minutes. The fine 
adjustment tangent screw is so threaded* that a complete revolu- 
tion deflects the telescope about 34 minutes, so that if the unit of 
measurement be 1 /600 a revolution of that screw, the accuracty of 
reading vertical angles is greatly increased. This m especially 
important in determining the difference in elevation of a station 2 
to 8 miles distant as is frequently done in triangulation work. 

^ Topographic Instructions of the U. S. Geol. Survey/' Washington, 
Government Printing Office, 1918, pp. 131, 132. 

* **The intention of the makers commonly is to calculate the pitch of the 
screw and the length of the clamp arm so that one complete revolution of the 
screw he^d moves the line of sight 1 ft. vertically at a horiaontal distance of 
100 ft., but this ratio may not be safely depended upon except as a bniad 
approximation." 
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ANdUIiAli Valueh of Heaman 1 nteuvai.s^ 



Angle 



Angle 


Number 



Difference 

Nuiniier 



Difference 





of interval 

o 

/ 

in minutes 

of interval 


/ 

in minutes 

0 

0 

(K),()0 

34.38 




36.16 

1 

0 

34.38 

34.39 

16 

0 

19.89 

36.42 

2 

1 

08.77 

34.42 

17 

9 

56.31 

36.70 

3 

1 

43.10 

34.47 

18 

10 

33.01 

37.00 

4 

2 

17.66 


19 

11 

10.01 





34.52 


- 


37.32 

5 

2 

62.18 

34.59 

20 

11 

47.33 

37.71 

6 

3 

26.76 

34.68 

21 

12 

25.04 

38.08 

7 i 

4 

01.44 

34.77 

22 

13 

03.12 

38.49 

8 

4 

36.21 

34.88 

23 

13 

41.61 

38.95 

9 

5 

11.09 

35.02 

24 

14 

20.56 

39.44 

10 

5 

46.11 

35.16 

25 

15 

00.00 

39.97 

11 

6 

21.27 

35.33 

26 

15 

39.97 

40.54 

12 

6 

56.60 

35.50 

27 

16 1 

20.51 

41.16 

13 

7 

32.10 

35.71 

28 

i 

17 

01.67 

41.85 

14 

8 

07.81 

35.92 

29 

17 

43.52 

42.58 

15 

8 

43.73 

1 


30 

1 

18 

26.10 



t Btuproduced by permission from **Motro Manual«*' Bsusoh and Lomb Optical Co.t 
Boabeatar, N. Y., 191$, p. 114. 
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The Stebinger gradienter drum surrounding the t-angent screw is 
graduated into 100 divisions^ so broadly spaced that the drum 
may be read accurately by estimation to 0.2 division, and so 
quickly legible that there is marked saving of time and increased 
safeguard against error in observation w'hcn it is used in prefer- 
ence to th(i vertical arc. It is in reality simply another methpd 
of Heading t.hc vertical angle, denoting the angk^ by an arbitrary 
unit instead of by degrees and minuses. The value of that unit 
in length of chord at known distances may be expressed in tables 
similar to those provid(id for computation from vertical arc 
readings. 

“In most, instruments a clock-wnse rotation of the Stebinger 
drum depnisses tlie objective* end of the teU‘scope by pressing 
against- a little stud fixed to the inside surface of the right-hand 
standard. A counter-clock-wusc* rotation pt^rmits a spiral spring 
to expand against iho opposite side of the stud and thus to raises 
the objective end of the telescope. Experience indicat/OS that it 
is unsafe to trust th(i spring to act with uniform regularity and 
smoothness. It is, therefore, necessary in using the Stebinger 
method always to read vertical distances in one direction — usu- 
ally downward^ — the direction in which the telescope is moved by 
c‘lock-wise rotation of the drum. If the station is higher than the 
telescope, the first reading is taken with the horizontal cross-hair 
cutting the target; the telescope is then turned down to the level 
position for the second reading. If the station is lower than the 
instriiment, the telescope is leveled for the first reading of the 
Stebinger drum and then turned down till the cross-hair cuts 
the target for the second reading. 

“The fine adjustment screw to which the Stebinger drum is 
attached is a tangent screw; t.c., its motion is tangential to the arc 
described by the arm of the clamp of the telescopic axis. There- 
fore, a revolution of the screw, when it is near one of its limits of 

^ In some instruments the screw is fixed to the telescope standard and the 
stud is attached to the arm of the clamp of the telescope axis; when so 
attached the direction of movement to be used in reading the gradienter is 
upward. 
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motion will elevate or depress the telescope through an arc; 
slightly different from that resulting from an equal turn of the 
screw when it is midway between its limits. Therefore, it is 
necessary always to begin an angle reading with the tangent 
screw in approximately the same position as that from which the 
d<;termination of the Stebinger factors was made. This position, 
generally about a quarter turn of the screw after it first ‘takes 
hold/ should be indicated by a mark on the celluloid or stec'l 
index. After each reading the tangent screw should be with- 
drawn to that position, ready for the next reading. 

“In practice, then, the first reading is made with the Stebinger 
drum somewhere near the predetermined starting point and with 
the cross-hair on the distant object, if it is higher than the instru- 
ment or with the telescope level if the sight is a down shot. The 
reading, a figure between 0 and 100, is recorded in the proper col- 
umn of the notebook. The telescope is then turned down by 
means of the tangent screw to position for the second reading. 
As the Stebinger drum revolves the total number of revolutions 
should be counted. The count may be verified by the gradua- 
tions on the index bar if present and is set down on the left of 
the two digits which indicate the Stebinger division beneath the 
index. For instance, after completing eight revolutions, the 
Stebinger dnim is brought to rest at 07; the second reading is 
therefore; recorded ui the appropriate column as 867. With an 
alidade which reads down^ as is the more common arrangement, 
the smaller of the two Stebinger readings will be in the ‘Sight' 
column if the target is higher than the insti*ument, and in the 
‘Level ' column if lower than the instrument. The difference of 
the two readings expresses the size of the vertical angle in tern>s 
of Stebinger divisions. From the Stebinger tables prepared for 
the individual instrument the corresponding ‘Stebinger factor' is 
selected. This factor multiplied by the apparent distance gives 
the difference of elevation of target and plane table. 

“The preparation of the Stebinger tables is essentially the 
deter^Q^tion cl the value of Stebinger units in terms of circular 



Withdraw the micrometer screw to the position from 
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which det<^rminations of vertical angles will be started. Set the 
drum on an even division and read the vertical arc; turn the drum 
through 100 divisions and read the are again. Turn through 
200, 300, etc., divisions, reading the an* at each hundred until the 
screw has ieachr*d tlu* fai’ther limit, of its play. Usually 9 or 10 
hundred divisions will suffice. Repeat the operation at least 
five times and take the av(*ragc^ valu(* in minutes for each hundred 
divisions. Determine tlu* corresponding differemre in elevation 
for each of these angi(*s by interpolation of regular stadia tables or 
from a table' of natural sines by the formula: 

Difference of elevation = ^2 t wice the angle. 

The first value thus d('ter mined divided by 100 is the differen<*(* 
in elevation corresponding to each Sb'binger division betwwri 
0 and 100. The second value minus the first and divided by 
UK) is the diffen'iico in (dc^vation corn'sponding to each Stebinger 
division between 100 and 200. Th(* third minus ihv. second 
and divided by 100 is the value for Stebingi'r divisions between 
200 and 300, etc. Carry the quotients in each case to the fifth 
decimal. With an adding machine set at the difference in 
elevation for one division between 0 and 100, print 100 additions 
for the factors corresponding to the second 100 Stebinger divi- 
sions. Then with the machine set at the difference in elevation 
per division between 100 and 200, print 100 additions for the 
factors corresponding to the second 100 Stebinger divisions. 
Complete the table in this manner, changing the addition figim^ 
after each 100 additions. Number the divisions, strike out the 
extra decimals beyond the third for the first 50 divisions and 
beyond the second, thereafter, and typewrite into tabular form in 
parallel columns; the number of divisions in one column, the 
corresponding factors in another. Brief tables for correction 
because of curvature and refraction as well as for conversion of 
observed to horizontal distances should be added at the margin. 
The whole, if properl^^ planned, will occupy a sheet about 5X7 
in. in size when photogra^eSTto one-half reduction for field use. 
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** A Klight. modification* of the above method will give a still 
more accurate* si^ries of factors. Road the vertical arc at each 
6()th division of the Stebingtii* drum instead of each 100th; deter- 
mine the corresiKuidiiig difference in elevation for each StebingtT 
unit as before; with the factors thus obtained plot a curve using 
th(‘ numbers of divisions as the* abscissas and tlie values as the; 
ordinates. From (his curvc'i the point will be readily apparent at 
which the micromet(»r screw" b(^gins to work with reasonabh^ 
uniformity; begin constructing the tabh' to be used at that point. 
From the curve determine the points where the factors for t wo 
succ(^s.sive divisions differ by 0.00005 and compute the factors for 
the number of divisions represented by each of these points; inter- 
polate between the values thus obtained to Ci)mplete the table'. 

**The table of Stebinger factors should Ik^ cht'cked every few' 
weeks by comparing a half dozen Stebinger readings, made at 
haphazard interv'als well distributed throughout the range of the 
micrometer screw, with the corresponding readings of the vertical 
arc. The Stebinger factor should be identical, on the average, 
with the vertical distance corresponding to the arc reading. 

'*In reading the Stebinger drum the observation should be 
made from directly above the celluloid or steel index so as to 
project the index line vertically downw^ard to the di-um. Ordi- 
narily, a reading to the nearest Stebinger division is sufficientl}'^ 
close, but for low angles and long 'shots' it is better to estimate 
half divisions, and for the nearly hoiizontal 2-5 mile ‘shots' of 
triangulation it is frequently w'orth while to estimate to tenths 
of a division. For these long sights, the distance of which is 
determined by scaling off the space on the map, there is a theo- 
retical eiTor in using tables based on the formula involving 
one^half the sine of twice the angle, but there is practically no 
discrepancy here for the difference between the sine of a small 
angle and one-half the sine of twice the angle is negligible."* 

41S. AppliMtion of the Methods of Location. — The method of 
radiation is practicable for small areas, quarries, etc., and for 

. * Suggested by K. C. Heald. 

MATBsa, KamjEt F., 1919, pp. 12S-135. 



OEOLOGW sumv EYING 


525 

side shots from the main traverse or triangulation net. It 
has the disadvantage of giving no check upon the accuracy of 
the work. 

The method of intersection is the only one by which inacces- 
sible points may be located and their positions checked. For 
general mapping it is usually too slow, since several readings 
have to be made on every station in the* triangulation net. 
Omsequently it* is seldom used by the geologist except for the 
location of single stations. In some kinds of open country, and 
particularly in unsurveyed regions, a t riangulation net maj'^ be 
prepared by engineers in advance of the geologic work. 

Resection is of great value to the geologist who is provided 
with a base map and wants to locate himself hy reference to 
visible stations previously established. In some kinds of open 
country and in unsurveyed regions, an engineering party may go 
out and prepare a triangulation net. The engineers build 
monuments or set flags at conspicuous triangulation points, and 
make an accurate map of the system of st^ations established by 
them. Provided with this map, the geologist can then go into the 
field and, whenever he wishes to locate an outcrop or other p)oint 
of interest, he can do so by resection from three or four of the 
triangulation stations. They constitute his control system. A 
disadvantage of this method is that, unless lie is accompanied by 
an assistant, the geologist is encumbered with plane table and 
alidade. With an assistant to carry the instruments, he can use 
an ordinary plane table and telescopic alidade, but, if alone, he 
will do well to reduce this equipment to a small plane table, a 
Gurley compass or other open sight alidade (331» 347) » and an 
aneroid for elevations. 

Stadia traversing is especially useful for route maps along 
roads, streams, or across country, and for general mapping of 
exposed stratified rocks. In comparison with triangulation it 
has the advantage; (1) that ordinarily each station has to be 
visited only once; and (2) that the course, being open to more 
modification than in triwgulation, is more adaptable to the 
tracing of exposures. 
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414. Variations in Plane Table Parties. — We have stated that 
plane table mapping with telescopic alidade is performed by a 
rodman, who is commonly the geologist, and an instrument man. 
These two individuals constitute a plane table party. To each 
such party a specific area may bo assigned for mapping. Under 
certain circumstances largo^r parties may be used to advantage. 
There may be an instrument man, a geologist, and or two 
rodmen. The geologist, will then be the chief of party, and it 
will be his duty so to direct the work that all members of his 
party are kept busy whih^ he, himself, has time, not only to super- 
vise their work, but also to reconnoit re ahead of the mapping and 
lay plans for their advance. He may have to spend a day or two 
looking over the field before his party begins work. 

Conclusion 

416. Comparison of the Methods of Field Mapping. — The four 
methods of field surveying, deserilxKl in the foregoing pages, 
differ in respect to the ac<*uracy of the results which may be 
obtained by using thorn. Named in the order of increasi^jg 
possible precision, they are, the hand level method, the compass 
and clinometer method, the barometer method, and the plane 
table method. 

The hand level method is of value chiefly in certain kimfs 
of rough reconnaissance w^ork, and more often for ascertaining 
local strikes and dips of gently inclined stratified rocks. It is 
very seldom employed in areal mapping. 

The compass and clinometer method is satisfactory in the map- 
ping of areas underlain by igneous and metamorphic rocks and 
sedimentary rocks which have dips of about 5® or more. It 
should not be chosen for work in regions of low-dipping strata. 
The degree of accuracy of the results depends primarily on the 
number and precision of location of the control stations to which 
the compass traverses are tied. 

Both the barometer method and the plane table method may be 
in many types of mapping, but they probably have their 
value in the mapping of moderately dipping stratified 
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rocks. There can lie no question that the plane table method, 
when performed by competent men, is more precise than the 
barometer method. On the other hand, the latter has several 
advantages which make il.s practice more desirable under certain 
(conditions. Among the advantages of the barometer method, we 
may mention the following: 

1. It requires only on(‘ man, whereas the plane table method 
requires at least two, namely, the instrument man and one or 
more rodmen. 

2. It is v(Ty elastic in its possibilities of spet'd and degree of 
precision attainable, and th<*se fjictors are to a considerable 
extent within the geologist's control. The plane table method is 
more limited in this respc'ct. 

8. rhe equipiTKcnt for the barometer method is much lightcer 
and more (easily porUible than that for the plane table method. 

4. The barometer method is more satisfactory than the plane 
table method in forestc^d artcas and n^gions of low relief, where the 
intervisibility of iK)ints is poor. 

Some of the disadvantages of the barometer method arc: 

1. Satisfactory aneroid barometers are difficult to si^cure. 

2. In general this methqd requin's a more experienced, and 
therefoi’e a more highly salaried, man than does the plane table 
method. 

3. Since, in the barometer method, it is customary to follow 
north-south or east-Avest lines, or roads, or property boundaries, 
or other definite directions, the traverses usually cross outcrop- 
ping strata, making correlation very difficult where the beds are 
not easily recognized. Under these circumstances the plane table 
method is more .satisfactory since the rodman may walk or trace 
the outcropping beds and so facilitate their coiTelation. 

4. The barometer mt'thod necessitates the correction of the 
barometric readings before the map can be made, whereas, by the 
plane table method, the mapping may be practically completed 
in the field and errors may thus be more rc^adily detected. 

416. Sources of Error.-::Jilrjr:ora, which may effect the results 
in geologic mapping, may be classified as: (1)' instrumental 
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errors; (2) errors in proeediire; (3) errors caused by geologic! 
conditions; and (1) personal errors. 

1. Inslrumenial errors ar<! occasioned by imperfect adjustment 
or defective manufacliin*. To determine the efficiency and 
accuracy of his instruments, the geologist should at least know 
how to test tliem. He* will often find it of advantage to be able 
to make' minor adjust ments. For complex adjustments he should 
send the instrument- back to the maker. 

2. Errors in technical procedure are due to carelessness, insuffi- 
cient training, or lack of practical experience. These errors 
may come through misuse! of the instruments and equipment or 
through nusint(!rpr('tafion of such geologic features as cross- 
lr>cdding, scut tling, etc. (319, 321). 

3. Errors caus(»d by geologic conditions include certain variable 
quantities which are dejiendent on the number and size of out- 
crops, the amount and kind of weathering of exposures, changing 
stratigraphic, intervals between beds, case of correlation, etc. 
Those (jrrors are sometimes large and sometimes small. They 
are never entirely eliminated. The geologist, however, should 
always endeavor to estimate about how great such errors may be 
in his work. 

4. Personal errors are those which arc attributable to the habits 
and state of mind of the geologist himself. They come under the 
head of the personal equation. Each man should try to discover 
his own personal equation and reduce it as far as possible. 

417. Limits of Error. — Every instrument, if carefully used, can 
yield results which arc accurate within certain limits; but beyond 
these limits greater precision is practically impossible. In the 
same way, each method of field surveying has its limitations. 
Instruments and methods are usually chosen for field investiga- 
tions with a view to: (1) the precision required; and (2) the pre- 
cision attainable. If the Avork must be done rapidly and great 
accuracy is not demanded, field procedure and equipment are 
liielected with rallmr large limits of error; in other words, with a 
large permissible error; and vice verm. In every case, 
the geologist should know the limits of error of his 
and of the field method which he adonts. 
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Distances obtained by pacing ma}’- be correct to 3 per cent or 
less. The error may be reduced to 1 per cent if the paces are 
frequently standardized. In very rough country with heavy 
underbrush, the error will probably amount to more than 3 per 
c(*iit. Taping, with ordinary precautions, is much more accurate, 
iK'ing (correct to at least 1 in 3,000. On aut.omobile traverses 
measured by odometer, readings ma^*^ Iw in error as much as 
niile for any distance, if tlu; odometer is pc*rfectly n^gulated. 
Usually such an instrument registers a little more or a littlf^ 
less than a mile for every map mile (horizontal mile) traversed, 
on account of imperfect adjustment, rough roads, strong topo- 
graphic relief, use of over-size casings, etc. Errors of this kind 
the geologist must ascertain for his particular machine. 

Triangulation performed with sight alidade and oriented plane 
table should be correct to 1 in 500, and with telescopic alidade 
and oriented plane table, to 1 in 1,000 or 1,200. In stadia 
traversing, with oriented plane table, telescopic alidade, and 
stadia rod, reasonable care will yield results correct within 1 
in 200 for horizontal closure or better, and within 3 to 5 ft. of 
closure in elevation, no matter how long the traverse may be, 
since these errors are largely compensating. For smaller scales 
under like conditions, the limits of error are larger. 

In barometric w’ork, the permissible error in relative elevations 
ought not to be more than half a contour interval, as the map is 
finally constructed. 

Something has already been said in reference to errors in deter- 
mining dips ( 318 ). ^ 

It should be noted that the error in location of a point is equal 
to the error of the least precise method of measurement employed 
for the three quantitie.s of direction, horizontal distance, and 
vertical distance. For instance, a compass traverse or a traverse 
with plane table and sight alidade is correct to only about 1 
per cent if the distances are measured by careful pacing. In 
any mapping the error permissible for elevations should be 
similar to that allowed ^r the horizontal control. For this 
reason, on |he basis of the limite of error cited above, reduction 
of slope distances to their horizontal equivalents is unnecesfiwy 
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on HlopoH of 1 in 7 (about 8°), or less, for work in which distances 
arc paced; on slopes of 1 in 12 (a little under 5°), or less, for 
compass traverses in which distances are measured by tape; 
on slopes of 1 in 15 (about 3® 30'), or less, for triangulation with 
sight alidade; and on slopes of 1 in 25 (a little under 2®), or less, 
for ordinary triangulation with telescopic alidade. 

For further remarks on the subject of degree of accuracy, and 
sources and limits of error, see Arts. 306, 318, 324, 363, 366, 366, 
397, 398, 399, 409, 416, 416. 

418. Factors Affecting Choice of Method. — In view of the 
great variety of the problems which may require field mapping, 
we can do no more here than mention some of the factors which 
may influence the geologist in his selection of the field method. 
Such factors are: 

1. The kind of rocks prevailing in the region. 

2. The type of geologic structure. 

3. The type and extent of veget^ation. 

4. The topographic relief, steepness of slopes, and altitude 
of the region. 

5. The purpose of the investigation, i.e., whether purely 
scientific or economic. 

6. The scope of the result desired, ix., whether information is 
wanted on all related phases of a general geologic problem or infor- 
mation is sought only in reference to some one particular question. 

7. The accuracy of the results required. 

8. The number of men available. 

9. The number and condition of the roads, and the methods of 
travel. 

10. The source of food and other supplies. 

11. The time available for the work. 

12. The funds available for the w^ork. 

13. Whether or not the work is to be dune in a foreign country. 

14. The general climatic conditions. 

Topographic Contour Sketching. — Occasions not infre- 
cmehtly arise when the geologist finds it of advantage to sketch 
W topography by contours. To do this, a contour interval 
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sidapU^d to the relief of the land and to the seak' of the map muni 
first be selected. In general a smaller interval will be used for 
low relief and for large scale. Mean st*a level is commonly 
taken as the datum plane. The position of the first contour 
drawn on the map wdll depend upon the altitude of Station 1 
above sea level and upon the slope of the ground bet ween Stations 
1 and 2. As the mapping proceeds, the i)oints where successive 
contours intersect the lines of sight are int(*rpolated according to 
the differences of elevation between stations. The spacing of 
these points will naturally be close on steep slopes and wide on 
gciutlo slopes. Observations for n^lief should always be made at 
changes of slope. The contours themselves an^ sketched in by 
(*ye, the observer having due regard for the changes of slopi\ 
and for valleys, hills, and othcT topographic forms. Contour 
sketching is often done in connection with traversing. If the 
trav(^rse runs across a slopes the gciologist stops at any favorable 
locality, notes the distance from the last station, sights uphill 
or downhill perpendicular to the contours, and reads the slope 
angle in this direction. He plots the sight line on the map and 
marks off the points wdiere the contours intersect this line at 
intervals which are determined by the slope angle. If the trav- 
erse runs up or dowm the slope, he can sight parallel to the* 
contours and plot their directions adjacent to his course. When a 
few such lines with the contour intersections have b(?en plotted, 
the contours themselves can be sketched. 

420. Schedules for Mapping. — To summarize the procedure in 
certain types of geologic mapping, the following schedules have 
been prepared. In using them the reader must bear in mind 
that, since it is impossible to make such schedules applicable to 
the great variety of conditions which may arise, they may require 
modification and enlargement. 

ScHEouLE I. A Compass Traverse 

Method. — Directions by Brunion compass; distances paced; 
elevations by barometer; jglotting with notebqpk or imoriented 
plane table. . 
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Conditions. — A conirol system established; a base map with a 
few control stations plotted; camp (or head(iuartei*s) near one 
of the control stations. 

Procedure. Preliminary. — (a) Rule base map with N.-S. 
and E.-W. coordinates. (5) Set the compass for true bearings, 
(c) Find the <^lcv’ation of camp with reference to the adjacent 
control station, which may be called Station 1. {d) Record the 

reading of the barometer an hour or so }>efore leaving camp, (e) 
Record the reading of the baromett^r just before leaving camp. 

At Station 1. — (a) Check barometer, (b) Mark a point on the 
map for Station 1, and record the elevation of Station 1. (c) 

Select a suitable point in the field for Station 2, or decide in which 
direction to walk from Station 1. (d) Find the bearing from 1 

toward 2 and plot this bearing on the map. (e) Observe and plot 
the bearings of any othor objects to be located from Styation 1. 

Between Stations 1 and 2. — (a) Pace toward Station 2. (b) If 

necessary stop to make and plot offsets, or to record useful 
geologic information, (c) Always note and scale off the distance 
from Station 1 to the i)oint of stopping, (d) Continue pacing 
t/Oward 2. 

At Station 2, — (o) Make a note of the distance, 1-2. (b) 

Check bearing by backsight on 1. (c) Scale off distance, 1-2, on 

map. (dr) Rcmd barometer and record this reading, (c) Select 
a suitable point in the field for Station 3. (/) Find the bearing 

from 2 -^; etc. (Continue as before. See (d) under Station 1.) 

Whenever possible tie the travei>je to another control station 
and make any necessary corrections for distance and direction. 
Keep a record of the barometric readings and correct them by a 
plotted correction curve after returning to camp ( 388 - 392 )* 

ScHBjDiTLia II. Traverse with Oriented Plane Table 

Method* — Directions by sight alidade; horizontal distances by 
pacing; vertical distances indirectly by clinometer; contours by 
reference to dtflferences of elevation; plotting with oriented plane 

control system established; a base map with 
control points plotted; one of these control points Is 
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taken as Station 1; another control point, X, is visible from 
Station ]. 

Procedure. Preliminary.- — (a) R\ilo base map with N. -S. and 
E.-W. coordinates, (b) Select a contour int(*Tval to be used in 
contouring the topography. 

At Staiion 1. — (a) Set up the plane table at Station 1 and orient 
it by the method of ba<*ksight on X. (b) Select a suitable point 
in the field for Staiion 2. (c) Sight at 3 and draw 1 2. (d) 

Determine the slopes angle from 1*2 and record it. (e) Observe 
and plot the bearings of any other objects to be located from 1, or 
of slopes for contouring ( 419 ). (/) Fix the position of contours 

and sketch them in ( 419 ). 

Between Stations 1 and 2. — (a) Pace toward Station 2. (b) If 

nec^cssary stop to mak(5 and plot offsets, or to record useful 
geologic information, or to take sIojk^ directions and slope angles 
for contouring (c) Always nota and scale off the distance from 
1 to the point of stopping, correcting for pacing and slope, (d) 
Continue toward Station 2. 

At Station 2. — (a) Set up the plane table at 2. (b) Make a 

note of the distance, 1-2. (r) Correct this distance for paces on 

slope and reduce to horizontal ecpiivalent ( 364 ). (d) Scale off 

the corrected distance, 1-2, on the map. (c) Orient the plane 
table by backsight on 1 . (/) Select a suitable point in the field 

for Station 3. (Continue as before. See (c) under Station 1.) 

Schedule III. A Stadia Traveuse 

Method. — Directions, distance.s, and differences of elevation by 
telescopic alidade and stadia rod; plotting with oriented plane 
table. 

Conditions. — Control system of widely spaced stations estab- 
lished; base map available; elevation of Station 1 may be known 
or assumed; magnetic declination known. 

Procedure. Preliminary. — Rule the map sheet in coordinate 
squares on the scale adopted for the work. Rule the magnetic 
north-south line on the map. Select an established station on the 
ground and locat^ it on the map as the starting point* Call 
it Rod Station 1. 
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At Instrument Station J . — The instrument man goes to a point, 
designated Instr. Station 1, from which he can see Rod Station 1 
and a wide stretch of surrounding country. Hen^ he sets up, 
lo veils, and orients his board, and sights back at the rod held at 
Rod Station 1 . He reads the distance and difference of elevation, 
determining his position and the height of the instrument (H.I.). 
When ready he waves down the rodman (geologist), who proceeds 
to Rod Station 2. The instrument man locates this point and 
determines its elevation, and then waves the rodman to Rod 
Station 3; and so on, until the rodman, having been to as many 
points as he wants located in the vicinity of Instr. Station 1, 
signals the instrument man to plot and record the last Rod 
Station as a turning-point, and then to proceed to Instr. 
Station 2. 

At Rod Station 1 . — The geologist, as rodman, first goes to Rod 
Station 1, the elevation of which is known or assumed, and 
examines the rocks while the instrument man is on his way to 
Instr. Station 1. Ho then holds the rod for the instrument man 
to make the observations noted above. 

At Rod Station 2. — After the instrument man has waved the 
rodman down from Rod Station 1, the latter follows the outcrops, 
and holds the rod at any points — Rod Station 2, 3, 4, etc. — which 
he will need for making the map. If he is surveying an area in 
which stratified rocks outcrop, he takes elevations above or 
below his key horizon whenever practicable, thus determining 
and checking the exposed geologic section. When he has exam- 
ined all the exposures surrounding Instr. Station 1, he signals the 
instrument man a turn (T), and holds his station until the instru- 
ment man has set up at Instr. Station 2 and has located this 
station (Instr. Station 2) by backsight on the turning-point. 
After this is done, the process is repeated as before. 

Schedule IV, Tkiangulation 

Mettiod, — ^pirectioiis by telescopic alidade; base line measured 
by tape; pther horizontal distances plotted by triangulation; 
vertical distances computed by stadia metl^;' plotting with 
i^«|ited plane table. 
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Conditions. — The elevation of Station 1 is either known or 
HSHumed: no plotted control; no base map; magnetic declination 
not known. 

Procedure. Preliminary. — (a) Rule the paper for the map 
with N.-S. and E.-W. coordinates. (5) Choose a suitable posi- 
tion for the base line, (c) Call one end of the base line Station 1 
and the other end Station 2, 

At Station 1 . — (a) Mark a point on the map sheet for Station 1 
and record its ele\ ation. (5) Determine the magnetic declina- 
tion. (c) Set the compass (to be used for any necessary radia- 
tion, traversing, strike-reading, etc.) for true bearings, (rf) 
With the table oriented, sight at the rod held at Station 2 and 
draw 1-2. (e) Note angle of declination from 1-2, and compute 

elevation of 2. (/) Sight at other stations to be located from 1 

and draw lines from 1 toward them, {g) Compute elevations of 
these stations. 

Between Stations 1 and 2. — Measure base line by tape.' 

At Station 2. — (a) Scale off 1-2. (6) Carefully orient the 

table by backsight on 1 and check for inclination and elevation, 
(c) Sight at all stations located from 1, and at any additional sta- 
tions; draw lines on the map from 2 tow^ard these stations; note 
angles of inclination from 2 to each of them; and recalculate their 
elevations and check with their elevations as determined from 
Station 1. Call one of these stations 3. 

Between Stations 2 and 3, — Proceed to Station 3. 

At Station 3. — (a) Orient by backsight on 2 and check for ele- 
vation. (b) Check also by sighting at other stations located 
from 1 and 2. (c) Sight at any additional stations, draw lines 

toward them, note angles of inclination from 3 toward them, and 
compute their elevations. 

Continue thus from station to station, each time using one of 
the plotted sides of a triangle as a base for the further expansions 
of the system. 

The reader should understand that all sights are made from 
instrument stations at the rod held at the distant stations. 

^ It is often better to meaMre ^ basic line twice, once in each direction, 
before locating stations from 1 and 2. 



CHAPTER XVII 

GEOLOGIC SURVEYING 
PART IV. AIRPLANE MAPPING 

421. Methods. — Before the airplane became an accepted and 
reliable means of transportation, maps were made by methods 
such as those described in Chapter XVL For detailed mapping, 
a great deal of time and labor were expended. With flying in its 
presemt state of development, how<‘ver, surveying and mapping 
from the air can often be accomplished ov(t many square miles 
in a remarkably short time and in more detail than was formerly 
possible. 

Aerial mapping is rapidly gaining in practical application. It 
is used for charting routes for railroad and pipe-line construction; 
sites for reservoirs, dams, and irrigation projects; shore lines for 
submerged rocks and bars which endanger shipping; and geologic 
features of various kinds. 

In general three methods of airplane geologic surveying are in 
vogue. In each, the plane is controlled by an experienced pilot, 
and the survej’ing is done by another person. In one method 
this other person is a geologist who is provided with a base map 
on w’hich he sketches such features as he wishes to record. He 
makes his observations by eye. The base map has on it the main 
roads, railroads, towns, ponds, and stream courses in the country 
to be examined. Sometimes two, or even three, geologists fly 
together in the same plane and endeavor to sketch the same geo- 
logic features, each on his own base map, thus facilitating com- 
parison and correction of the results at the end of the flight. 
Since the progress of the plane is rapid, this kind of sketching 
reciuires Constant attention and uninterrupted observation of 
" 4k*tails^ It is very exacting work, and cannot well be done for 
" ' ri36 
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more than a few hours at a time. This method may be called 
aerial or airplane reconnausance sketching. It is of value only 
where the features to be sketched stand out conspicuously. 



B 

Fig. 406. — A. OhUqiie airplane view of an area in Weat Virginia. Fi. Rketeh crema aertictn 
to show geological atrneture. The Qrittkaiiy aandatorie and Tuecarora quartxite are hard, 
reautant formatione. Note that the hill (a in the euction) ia anticlinal. (Figure 406, A, 
reproduced from Rich, witFi permiaaion of the American Oeographical Society of New York. 
Siw Bibliog., Rich, John L., 1989, Fig. 25.) 

In the second method of.airplmie surveying, the geologist or 
physiographer, who accompanies the pilot, takes photographs of 
the country in which he is interested. Tliese photographs are 
usually oblique, that is, they are not tnken vertically downward. 
They have a general scichtMc value in displajdng physiographic, 
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geographic, and geologic features in perspective (Figs. 406 and 
407). They are excellent for purposes of illustration. When 
paired and examined by stereoscope, they facilitate studies of 
small difFcrences of slope and elevation. 



B 

Fio. 407. — A, Oblique airplane view of an area on the Virginia-West Virginia line. B. 
Sketcdi cross section to show geological structure. (A and B reproduced from Rich, with 
permission of the American Geographic^il Society of New York. See Bibliog., Rich, John L.^ 
1030. Figs. 16 and 17.) 

The third method of airplane surveying is aerial photographic 
mapping^ in which the photographs are made with the camera 
pointing vertiically downw'ard. This is the most precise of the 
methods, and it is the one to which the of this chaptoi* 
^refers, unless otherwise stated. 
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In aerial photographic mapping, the pilot is accompanied by 
an expert photographer and the “ship” is provided with a camera 
devised for the purpose and mounted so that it will take photo- 
graphs through an opening in the floor of the plane. Most of the 
cameras for this work take pictures 7)4 by 9^ in. in size, on roll 
films in lengths of 75 ft., enough for at least 100 exposures. To 
(emphasize color differences and to n^duce the effects of haze, 
color filters are used on the lens, and the films are panchromatic. 

Ordinarily the plane is fiown in straight lines iis nearly as pos- 
sible at a fixed average height above the ground. For most geo- 
logic work, the best practical heights are between 10,000 and 
16,000 ft. The photographs are taken sufficiently often, and 
parallel belts of the country are photographed sufficiently close 
to one another, to permit each picture to overlap the adjoining 
pictures by a margin of 50 per cent. 

In aerial photography absolutely clear weather, without clouds 
and with a minimum of haze, is necessary. Haze greatly reduces 
the definition of distant objects, and cloud shadows very seriously 
obscure the features of the ground. If the nature of the work 
requires topographic details, the photographing is done in the 
middle of the morning and the middle of the afternoon, but not 
too near noon. On the other hand, if shadows due* to rc!li(.‘f ai*e 
not desired, the photography is undertaken in the two or three 
horn's of day when the sun is highest. To assist in locating 
boundaries, etc., on the finished map, strips of unbleached muslin 
may be spread on the ground before the photographs are made. 
Two strips, each 100 ft. long, may be laid at right angles to one 
another in the form of an L, one east and west, and the other 
north and south; and these signals, which should b<^ carefully 
surveyed in position, should be so disposed as: (1) to bear fixed 
relations to the property or land lines; and (2) to be recognizable 
on the photographs. These marks are the ground control for the 
aerial map. 

The films exposed in airplane photographic mapping are devel- 
oped and printed and the printaare carefully matched and glued 
together. The resulting mosaic may be photographed to larger 
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or Hioaller sralos. When* a map (»f this kind is wanted to serve as 
a base for Reologie field work on th(* ground, it may he enlarged 
and printed in seetions mountc^d on linen for folding. A semi- 
gloss or dnll paper is used so that the field man can draw on it 
with pen or j)erHul. 

The seale of an airplane j)hotograph should always be known 
and indicat(»d on th<‘ film; also the angle of the camera lens, the 
altitude from which the picture was taken, the timc^ of day, and 
the tilt of th(^ camera if oflf the vertical. The scale of the photo- 
graph is e<iual to the fo(^al h'ngtb of the lens (/) divided by the 
height {H) of the plane. Thus, if the focal length is 6 in., and 
th(' picture was taken at. 5,000 ft., the scale will be 

/ _ 0^ ^ _L * 

H ” 5,000 “ 10,000 

422. Errors and Distortion in Aerial Photographs. — Aerial map- 
ping, even when conducted under the most favorable conditions, 
is subject to certain inaccuracies. These are due (1) to the 
difficulty of flying a straight course, both horizontally and verti- 
cally; (2) to the difficulty of preventing tilting of the plane, and 
therefore tilting of the camera axis, in flight; and (3) to the fact 
that all photographs, even when taken looking vertically down- 
ward, are perspective views. 

If provided with a good aeronautical map as a guide, and if 
flying between 10,(X)0 and 15,000 ft. above the ground, an experi- 
(^nced pilot can usually maintain a course within less than 1° of 
the intended direction, and changers of altitude will not greatly 
exceed 100 ft. over flat or moderately rolling country.^ At lower 
levels air conditions becx)me much more variable, and conse- 
quently steady flying becomes difficult or impossible. For this 
reason aerial photographic mapping Is seldom attempted at 
altitudes of less than 7,500 ft. 

Tilting of the plane, caused by variable winds, and air currents, 
is almost impossible to avoid, Tliis means that there may be 

* Ske Art. 290. Bibliog., Lbb, Wilus T., 1922, p. 74. 
f 1*^ Bihliog., Davids, Foot®, and Ratnbr, pp. 784-785. 
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some distortion* of the photop;rai)hs. However, the statement 
is made^ that in photographs taken between 10, (KK) and 15,000 
ft. above the ground, frt)m 50 to 80 j)er cent of the pictures will 
be tilted less thaii 1°, and rarely \^ill any be tilted over 8®. 

A photograph taken looking vertically downward includes only 
a single point tlial is directly beneath. This point, on tlie picture, 
is calked th<^ nadir 'point, since tlu* nadir is always vertically below', 
just as the zenith is vertically above, the obsf‘rv(»r’.s position. 
All objects with vertical dimc*nsions, not at tin* nadir i)oint, are 
distorted, sin(‘e th(‘v are actually viewed in perspective. In 
other words, an aerial photograph is a radial proje^ction and not, 
like all draftenl maps, an orthographic projection. We may 
explain this as follows: Imagine* two jioints, one verti(*ally above; 
the other. Call the higher A and the lower B, If the camera is 
vertically above A, it is vertically above B also. In otlier words, 
a photograph would show no distortion lien* on account of dif- 
ferences of elevation of the* ground. But suppose* that the plaiui 
is off to one side of A , so that the rays of light from A (or B) will 
enter the* lens along an inclined path. Then the rays from A 
will reach the film in the camera fartht;r from the center of the 
picture than the rays from B. Obviously, there will be distortion 
in photographing the ground on the verti(*al line from A to B 
according to the height of this point relative to the .surrounding 
country. Where the land surface is not horizontal, all points 
not directly below the lens will be more or less displaced in the 
photograph, and the amount of this topographic distortion will 
depend on the ruggcdnes.s of the country, the focal length of 
the camera lens, and the height at which the picture was taken. 

most commonly used tyjK? of mosaic is made by matching 
the various prints along lines of common points. Where there is 
much variation in elevation, such mosaie.s become less and less 
accurately matched, as the area included in a single sheet is 
increased. In order that the unavoidable errors of inatehing 
may be equally distributed, rather than allowed to accumulate 
from one print to the next, some form of map control is desirable. 

‘ Ibid., p. 785. 
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Inasmuch as radial lines from the center of a photograph to vari- 
ous points subtend true angles at the center point, the pi(*tures 
may b<' used as a basis of a triangulation system by which the 
true position of control points is determined. This is commonly 
known as the radial-line method of control. The U. S. Geological 
Survey has used this method in compiling line maps of consider- 
able accuracy, and has issued a booklet describing compilation 
of maps by this method. A map of this type may be used as a 
base on which a picture mosaic is laid. To make the individual 
pictures fit the (control ])oints on such a map, it is necessary to 
alter the size and shape of the prints used from the size and shape 
of the original negative. Such prints are known as recMfied prints 
and arc made in a projection printing machine, instead of on a 
contact printer. Some pictures may be rectified only by chang- 
ing the scale of the print from that of the original negative. Such 
prints are scale corrected. In othc*r (iases it may be necessary, 
however, to change the shape also, and for this purpose the 
negative and the paper carrier in the projection machine must 
each be tilted relative to the principal axis of the projection lens. 
Such prints are tilt corrected. If sufficient care is used in laying a 
controlled mosaic with scale- and tilt-corrected prints, the result- 
ing accuracy is greatly improved as compared with that of an 
uncontrolled mosaic. This accuracy, however, is not comparable 
with that of points located by the use of transit and chain, as in 
ordinary ground surveys.”^ 

423. Application to Geology. — Aerial maps have proved to be 
of iiK'stimable value in many kinds of geologic, topographic, and 
physiographic work.® They present a bird's-eye view of the 
land surface — the shape and distribution of land forms, the dis- 
tribution of rocks and soils, and the relations of rods, railroads, 
and other man-made elements, to these natural features — a 
wealth of detail that could not be matched by the older methods 
of mapping; and these aerial maps, with all their detail, can be 
made and studied in less time than was required for the older 

* Bibliog., Ewlish, Walter A., 1930, pp. 1057, 1058. 

* Bibliog., WiLLGox, H. Case, 1925. 
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maps. In many instances th(‘y have r(*vcaIo(i Koologic f(‘atvir(‘s 
that were entirely overlooked in (»arlier, even intensive, field 
exploration. 

By the geologist an aerial map may be used (1) as a guide for 
field work; (2) as a V)ase for field mapping; and (3) for direct 
interpretation of the geology. 

1. If the geologist is provided with a good airplane map of an 
area in which he is to undertake field work, not only can he gain 
a fair idea of the nature of the country that he must traverst*, 
but also he (*an intelligently ])lan his program in relation to roads, 
topography, and geologic feature's. He can see whethc'r roads 
are numerous or few and io what extent he may have* to nisort 
to horseback or to walking, rather than to automobile in exam- 
ining the land. If pack train or foot traversing is nect'ssary, 
he (an route these to avoid such difficulties as marslu's or 
precipiccis. 

For an understanding of airplane maps for this purpose, the 
geologist must learn to recognize roads, railroads, house's, water, 
various kinds of vegetation, stream courses, slopes, etc., as those 
appear on the maps. Most roads arc either very irregular, or 
t hey may be in rectangular patterns. Except along well-graded 
highways, they usually have sharp, angular turns. On the other 
hand, railroad turns are always curved. Houses and other 
buildings are most conspicuous by their shadows. l..akc waters, 
if calm, may look black, or dark gray, but, if ruffled by a breeze, 
they may look white, or light gray. Stream courses commonly 
branch headward, thus indicating the direction of the general 
slopes controlling them. Vegetation — woods, grass, brush, 
cultivated fields, etc. — has various appearances, which must, 
first be checked on the ground. Often it is a good plan for the 
geologist to make a hasty reconnaissance of the region to com- 
pare the features on the ground with their representation on the 
aerial photographic map before he goes far in outlining his field 
procedure on the basis of this map. Provided with such a map, 
he can easily locate himself on the ground and thus facilitate his 
progress in reconnaissance Work. 
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Fio. 408,-*-CaUfoniii^ ooRst west of Santa Barbara. Monocline of Tertiary bode dipping 
toward ocean at angle of 41> degrees. Scale: width of picture * 8,250 ft. (PablishMl 
through the courtesy of the Continental Air Map Company of lios Angeles.) 
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2. On the aerial photographic map, geologic features observed 
in the field can ho skclehed. The positions of outcro[)s, traces 
of scarps, and symbols for rocks may be plotted in tlieir proper 
relations to topography and culture. For this object, it is l)est 
to have two copies of the map, one for the actual sketching m 
the field, and the other to b(‘ used in camp or in the field offict'. 
By following this plan, the office copy is kept clean and is avail- 
able if the field map happens to be lost or damaged. Sometim<‘s, 
instead of having two photographic maps, a blueprint from tlu^ 
original film or a photostatic copy of the photographic jirint or 
an accurate line drawing of the more important features of (he 
photograph, serves for field use, and the photographic map is then 
kept for the office. To illustrates the value of a i>hotographi(? 
base map, consider a region where outcropping strata are nearly 
horizontal and are dissected by a drainage system that has pro- 
duced a dendritic and intricatci pattern of scari)s on the liard 
layers. If either barometcir or plane table mapping is to be done!, 
a great deal of time may be saved if the field men are furnished 
with an aerial photographic base map or with a copy of the 
essential features frotn such a map. They can then very (easily 
tra(;e and correlate the exposed beds shown in the photograph, 
and they can record elevations on a selected key horizon at- 
properly distributed stations in the field without the need of 
“walking'' this bed through all its ramifications of outcrop. 

3. Aerial photographic maps may be used for direct interpreta- 
tion of the geology, as illustrated in Figs. 408 to 414. If well 
exposed strata are inclined more than 10® or 15®, the direction 
of their dip may be evident from the bowing of contacts and bcxls 
in the valleys (Figs. 408, 519). Both anticlinal and synclinal 
folds may be clearly shown by the trend of the strata and their 
downdip blowing in the valleys (Figs. 409, 410). 

Faults, which perhaps are inconspicuous on the ground, may 
be brought into prominence (Figs. 411, 412). 

In countries where rock exposures are few and difficult of access 
and therefore hard to fini^, but where there is not too much 
forest cover to hide them, aerial photographic maps may save 
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.a larg*( amounl of tim« by indicating the positioiiH of these rare 
oiiterops wliich may then be fiuickly visited and invfMstigated in 
the field. 

In areas whtire the rocks are relatively soft and exposures arc 
too small to Ik? seen on an airplane map, the soils derived from 



Pki. 4()9. — ^An anticline in the Imperial Valley, California. Note email fold developed 
on NE. flank of large fold. Relief is due to bard and soft Tertiary strata. Desert condi- 
tions exist, with the ground almost bare of vegetation. Scale: width of picture equals 
3.000 ft. (Piiblished through the courtesy of the Continental Air Map Company of l/os 
Angeles.) 


the various formations may be sufficiently distinct, either in 
color or in respect to the vegetation supported by them or in the 
details of their topographic form, to reveal, on such a map, how 
the underlying strata are distributed (Fig. 413). In making the 
pictures, the photographer usee a color screen to bring out the 
color efifects. In this way, under suitable conditions, formation 
belts can be charted; contacts can be followed, sometimes with 
fthe i^ecovery of broad swings which are significant of anticlinal 
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Frcs. 410. — A synclinal basin seen from the air. Mote how some outcrop belts can br 
seen bendinK toward center of structure where they cross the valleys. View taken in 
northern Mexico. Conditions arid, with little sc^. Scale such that area shown covers 
22 square miles. (Published through the courtesy of Fairchild Aerial Surveys, Ino.) 



Fia. 411. — Aerial view of a serias dl dutor^pping strata broken by 4wo faults (which 
trend about N. 80** £.). Scale: width of picture about d,000 ft. (Puldiahed Ihnnii^ the 
courtesy of Ekigat Teddn AennI Surveya of San Antonioi Texas.) 
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or synclinal structure (314) ; and obscure faull;S can be found and 
traced. 

This type of aerial map work requires care and experience 
on the part of the geologist studying the photographs. He should 
first examine them in the office; then take them into the field 



Fio. 412. — Neatly horixmtal etrats, out by a group of parallel vertical faults of small 
dwplacement (fitriking NW.-SE.)> and then eroded. These faults are scarcely visible to 
an otNjicrver on the ground. Note how closely erosion is controlled by the faults. The 
river is the Pecos River, the picture having been taken in northern Pecos County* Texas. 
The width of the area shown is just over 2 miles. (Published through the courtesy of 
Fairchild Aerial Surveys, Inc.) 


and check the pictured features in a series of traverses planned to 
cross the formation belts or faults, as the case may be; and tlien 
in the office comiilete the draughting of a geologic map from the 
combined data of airplane base map and field observations. 

It is remarka|>le how distinctly some soil effectSj due to geology, 
are shown on these airplmie maps made by camera and color 
S^een, in spite of the fact Uiat they would pass quite unnoticed 
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Fia. 413. — A, Aerial map and B, cmtiiae miap of aame am, dwwiiig two gently dippimc 
formariotw, one a, eharacterised by rather emootfa topography and a growth ol eeattered 
Kveoah treea, and the other,, h. eharaeterieod by dendritic tc^pography and a growth of maa- 
quite treag' The contact can be very eaaily traced on the air map. whereae in the llrid jit ^ 
would require a great deal of time. The oontaete areahown on the outline map* B. ,37he 
acale ia aneh that the width of the picture b about 3.9 mites. < PabUahed throuah tiM'‘c 0 Ut 4 eay ’ 
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on the ground. An instance of this was nof(‘d in California. A 
soil contiMJt, invisible on the ground, was readily traceable on ili(» 
airplaru) photograph even whcn*e it crosst^d a field of full-giown 



Fio. 414. — Aerial map of the Barbers Hill salt dome, in Chambers County, Texas. No 
bed rock is exposed. The effect of the iiparched formations is brought out by slight differ- 
ences in the soil. A lighter central area, nearly circular in outline, may be discerned 
surrounded by soil of darker shsde. The edge between these two areas is most distinct on 
the north and northeast. The picture shows cultivated liclds, womied areas, roads, drain- 
age features, etc. Scale: width of mapped area about 3.4 miles. (Published through the 
«<»urtes3’’ of Edgar Tobin Aerial Surveys.) 

wheat. Figure 414 repreHcnts a circular area within which the 
M)il contrasts and drainage pattern are largely a result of the 
tiparching of strata by a salt plug. 

424. The Stereoscope in Geologic Mapping. — ^The principle of 
.’'Ihe stereoscope is essentially the same as in vision by two eyes 
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(binocular vision)' that see a given object from slightly different 
angles. This kind of vision enables us to perceive variations 
in distance, within certain limits, and so to recognize the rc^lief, 
or three-dimensional character, of objects. For stcTCOHCopie 
study, two photographs are simultaneously takf»ii of the same 
view, but through two separate lenses, corrcTtly mounted with 
n'ference to one another, and these photographs are then finishtnl 
on glossy nonshrinkable paper. For the purposes described 
below, vertical aerial photographs are used. The most satis- 
factory instrument is the Zeiss pocket stereoscope, which magni- 
fies two and one-half times. The pair of photographs, properly 
adjusted in this instrument, may serve' for areal geologic mapping, 
for topographic mapping, or for geologic structure contouring. 

1. Geologic mapping by stereoscope is like field mapping in 
miniature. It has an advantage in that the relations of out- 
cropping ledges and formation belts, often difficult to see and 
follow on the ground, may be easily traced and may be observed 
at a glance, even on opposite sides of a hill.* 

The most valuable criterion for tracing an exposed stratum 
under the stt'rcoscope is the break in slope that it produc(!s, 
if it is relatively resistant to erosion. This may or may not be 
an actual outcrop. If the bed continues, its scarp also con- 
tinues, modified according to changes in lithology, structure, 
relation to the drainage system, cultivation, etc. Scarps that 
in the field arc vague may be traced with ease under the sU'reo- 
scope, since the observer in this case can instantly get the 
effect of walking them out simply by moving his eye over the 
photograph. 

A second important criterion and one that is used simul- 
taneously with that of the break in slope is the vertical interval 

' Much of the following discussion, including direct quotations, is taken 
with permission from a brochure by Louis Desjardins and 8. Grace Hower, 
entitled “A Technique for Geologic, Topographic and Structural Mapping,*^ 
published in 1038 by the Aero Exploration Company of Tulsa, Okla. The 
same paper, somewhat modified, was printed on pp. 44 H Jteg. of the Oil an*i 
Gas Journal for May 11, 1030. 
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Iwtwoon beds. In general, this remains fairly uniform over a 
considerable area. 

‘‘C'onsetjuenUy, when work is begun in a region, a rapid 
('xaminalion is made of all the photographs and the place pro- 
viding the most distinct section is chosen as a starting point. , . . 
At this type section . . . the breaks in slope are marked, i.e., 
the working columnar section is drawn up. It has been found 
conv(micnt to us(' a different color of ink for each scarp. These 
s(*arps are now traced around the country. In cases of thick soil 
cover or slight lithologic variation giving rise to decreased 
ic'sistanee to erosion, a given scarp may become obscure. 
It is in such cases that the vertical intervals are of especial use, 
since if they remain fixed immediately on either side of the 
obscure locality, it is a fair assumption that they arc the same 
throughout. . . . 

“Careful attention to this /stratigraphic interval is, in stereo- 
scopic mapping as in the field, one of the best means of recogniz- 
ing the w(»dging out or thickening of formations. , . . 

“The two criteria mentioned thus far, break in slope and 
vertical intervals between breaks in slope, have proved by far 
the most valuable in areal mapping. . . . There are, however, 
other criteria, which may in certain cases assume . . . impor- 
tance.“ Such are soil and vegetational coloring seen on the 
photographs as variations in tone of gray; also type of topo- 
graphic form. 

In starting to work in unfamiliar regions the aerial geologist 
can be greatly assisted by advance acquaintance with any 
peculiar or abnormal geological conditions, either from the study 
of existing geological maps or reports, or from reconnaissance 
field work. Such conditions might include glacial deposits, 
caliche, major unconformities, igneous features, wind deposits, 
alluviation, faulting, etc. It is not necessary to know the details 
of these; they will probably be supplied from his stereoscopic 
study ; but fair warning that such abnormal features may occur 
often saves time and labor. 
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. . . In '' mapping under the sieroosropo, one Ks fr(‘od from the 
task of determining locations with roferenec* to a eonveiilional 
map, with the attendant difficulties and errors, since the* features 
are drawn exactly in place upon the visual model of tlie eart.h\s 
surface. . . . Anyone who has worked in a rugged structurally 
complex country realizes the clarifying efft»ct of a broad vi(‘w 
from some high point- within it. Then a ridge can actually be 
seen bending aiound in an anticlinal nos<; or ending abruptly 
against, a fault. Down below', such features have to be walked 
out before th(\v become apparent. With aerial photographs 
und(T the stereosciope, there is always this broad view\ The 
actual dip of a fault plane may often be obsiu'ved. Again, 
immediately below the eyes of the observer, there may be a dome 
with beds dipping off on all sides. The whole structure can be 
seen at once. It does not have to be pictured in the imagination 
from data taken at various points.^' 

2. In topographic mapping, all available ground elevation 
control is used, both to give an essentially corn^ct verthful 
scale, or contour interval, as applied to the particular area 
under consideration and also to giv(‘ the true elevations above 
sea level. The latter is not necessary if only relative elevations 
are required, in which case the base level datum may be assumed. 
The picture seen with the stereoscope is virtually a three- 
dimensional model of the ground. On this levels are run by eye 
to agree with the ground control. 

“Like field topographic mapping, the stereoscopic technique 
requires considerable practice before the attainment of profi- 
ciency. It is essentially the same training of the eye and the 
hand. The topographer in the field sketches his contours on 
white paper, whereas the stereo-topographer ha.s the advantage 
of drawing his contours on the ndief model itself. He is thus 
enabled to see that they exactly fit and, in addition, preserve 
equal vertical spacing. Again the topographer in the field is 
required constantly to allow for the perspective effect of hills 
and valleys seen from a point on the ground, whereas under the 
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HterooH<*<)|)0 th(? whole scene is in equal perspective viewed from 
above. For ilu;s(i reasons such contour sketching in the field 
requires measured (*ontrol points very close together, whereas 
similar accuracy with the same method under the stereoscopes 
can be had from contn)l points half a mile or more apart. 

“Though thc‘ ster(^o-toi)Ographcr has a model of the earth on 
which to work, that model is always to some extent distort(*d 
by slight lilting in the photographs. This tilt may make a 
stream apjxuir to run up hill during part of its course; may make' 
level ground aj)pcar rolling; may steepen or flatten Wlls. It 
has been found possible to draw accurate contours in spite of 
tilt simply by applying ordinary principles of physiography 
and the results of experience gained in areas with plentiful 
control.*^ 

3. We have described, under 1 and 2, methods of mapping 
areal geology and topography from aerial photographs by simple 
8t>ereoscopic means. By combining the results of these two 
processes, geologic structure contours can be drawn. 

“In practice it has been found most successful in the study of 
any given area to have two sets of prints of the photographs 
coveting it. On alternate pictures of one sot the areal geology 
is drawn. On opposite pictures of the other set are drawn the 
topographic contours. The two processes are carried on sepa- 
rately, as they may be mutually confusing if done simultaneKuisly . 
The picture bearing the geology is then combined, under the 
stereoscope, with one bearing the topography, and a single 
image showing geology and contours is the result'* (Fig. 415, A, 
B, and C). 

“Where only one set of prints is available, the topographic 
contours can be drawn on traceolene placed over the alternate 
prints not used for geology. Traceolene is at this point placed 
over the print bearing the geology and section lines or other 
location marks are traced through. Elevations are then noted 
at many points On all 4;he beds mapped, using different colors for 
the figures for each bed. Tentative stnicture contours are drawn 
f<8r each bed from these elevations. When this has been done, 
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Flo. 415, A. — Airplane photographic map of an area in Oklahoma, ehowmg geologic 
contacts (top of Fort Bcott limestone and top of Prue eandetone) which ^ve been sketched 
in on the picture. (Figurcfs 416, A to C, are reproduced through the courtesy of the Aero 
Exploration Company of Tulsa, Okla.) 




556 


FIELD dEOlOGY 



V ' ) 


Fia. 415, vkw as in Fig. 415, K but with topographic contours sketched in. 

Contour interval, 20 It. 



OEOWGIC PURVEYING 


557 



Fia. 415, C.— Same view ae Fig. 416, A imd B. By sui»er|><wing the contouii of Fig. 
415, B on the formation boundaries of Fig. 415, A, as described in the text, structure con- 
tours may drawn on a selected key horUon, This has been done in Fig. 416i C, where Um 
top of the Fort Scott limestone has been contoured, using a lO^ft. contour interval. 
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cross sections arc run on the basis of the striu^lural coiitouts 
at half-mile or other intervals across the strike;. This is done; 
on cross-scction paper on the; same* s<;aU* as the phe>tograph. At 
this pejint many preiviously uiiiiotoel discrepancies in vertical 
inku’vals show up and ma^^ he correcte*d or taken into account. 
On the cross sections, a kf\v l)C‘d is sele^cte^d and (extended where 
necessary, at it.s proper interval with refe^rcnce to other beds 
above or bellow. On a fre*sh sheet of traceoleno, place^d e)ve*r 
the other, the; e;le*vations of the key bed arc laid out along the 
lines of each of the cre>ss sections. Then a single system of 
stnictural (contours with these elevations is finally drawn to 
agree with tin; average directions of the (!ontours of all t.he 
individual beds. 

convenient final form for the mapping of a region has 
been found to be a photo-mosaic on the same scale as that of the 
contact prints. On to this, under the stereoscope, is transferred, 
with all the accuracy of tracing, the areal geology. The final 
structural contours are then drafted directly on to the mosaic 
or on to a tracing vellum plat made from it. The result then is 
a photograph of the region with superimposed geology and 
structural contours. 

Although the stereoscopic method, as outlined above, applies 
to regions of exposed sedimentary bods, there are many ways in 
which it is valuable for mapping in areas of igneous and meta- 
morphic rocks. In comparison with field mapping, it inquires 
much less time and provides much more detail. If the photo- 
graphs have been secured, their stereoscopic examination can 
go on regardless of weather conditions, degree of accessibility 
of the region, and the attitude of the inhabitants. 
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SUBSURFACE GEOLOGIC SURVEYING 

425. Scope. — Umlorground or subsurface geologic surveying 
has long b(*(*n praeticecl in the mining industry, by observations 
in shafts and tunnels and also by means of corivs obtained by the 
diamond drill. Between 1920 and 1930 great advances were 
made in interpreting subsurface conditions through the study 
of samples of the formations penetrated in drilling for oil, gas, or 
water. Since then further advances haves been made, especially 
through the application of electrical logging (430). In petroleum 
geology, subsurface rest'arch in many parts of the country has 
become more important than surface mapping, and there is every 
reason to believe that subsurface geology will gain in value as 
time goes on. In the pn^sent chapter wc shall refer only to sub- 
surface geology as this is related to bore-holes. The subject of 
mine surveying and examination can be found discussed in text- 
books and treatises devoted to mining and mining geology. In 
this chapter attention will be given mainly to methods of securing 
and studying data and samples. In Chapter XIX, Arts. 467 to 
464 describe the uses of these data in subsurface correlation and 
mapping. Many parts of Chapter XIX relate directly to subsur- 
face geology. 

426. Methods of Drilling. — There are three principal methods 
of deep drilling. These are cable drilling, rotary drilling, and 
diamond drilling. For the better understanding of logs, these 
three methods are described below, but only in the briefest way. 

1. Cable drilling is also known as cable-tool drilling ^ the per* 
cussion method, or the standard method of drilling. The outfit 
consists essentially of a string of tools,'' at the lower end of 
which is a heavy steel bit, fnispended on a manila or wire cabk^ 
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which can be lowered or raised, by controlling machinery near the 
mouth of the hole. In drilling, the tools arc alternately lifted 
and dropped, the rock being cut by the* repeated blows of the bit. 
Some water is always kept in the; hole. Enough may drain in 
from the rocks penetratc'd, but. if they are dry, water must be 
added from abov(j. If a wat(u*-bcaring stratum yields too copious 
a flow, it must be cased off’' by sinking a ^‘string” of pipe, or 
‘‘casing,” to a point below it. In the same way, relatively soft 
materials may hav(^ to b(‘ cased off to prevent their “caving.” 

Th«' rock cuttings are removed in a bailer which is lowered 
at intervals s\jifficiently frequent to keep the bottom of the hole 
fairly clean of d<5bris. These cuttings are dumped into a “slush 
pit,” at the mouth of the well. They serve as specimens of the 
rocks drilled. Other indications of the rocks penetrated are 
found: (1) in mud or clay stuc'.k to the bit; (2) in exceptional wear 
on the edge of the bit, caused by the drilling of sand, sandstone, or 
other hard, abrasive materials; (3) in the “kick,” or vibration, of 
the cable, noticeable while drilling in hard rocks; and (4) in the 
observed rate at which the drilling proceeds, since hard lock is 
more slowly cut than soft rock. 

2. Rotary drilling^ as generally understood, is accomplished 
by the rotation of a perforated fishtail bit (or, in harder forma- 
tions, a “rock bit”) w^hich is screwed firmly to the lower end of a 
string of pipe, known as a “drill stem.” The drill stem itself is 
rotated by a turn-table at the mouth of the hole. It is length- 
ened by the addition of new “joints” of pipe whenever the 
increasing depth of the hole demands. When the bit requires 
sharpening, it Ls raised to the surface by unscrewing the joints of 
the drill stem, usually in threes (“thribbles”) or fours (“four- 
bles”), and these thribbles (or fourbles) must be screwed together 
again when the bit is lowered to resume drilling. During the 
drilling, a thin mud is kept constantly flowing downward inside 
the drill stem, out through the perforations in the bit, upward 
between the drilj stem and the walls of the hrde or the innermost 
casing, if casing has been set, and out at the mouth of the hole. 



mud serves the double purpose of keeping the bit cool and 
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supporting the walls of the uncased part of the hole by virtue 
of the hydrostatic pressure exerted by it (the mud fluid). By 
this means, in many cases, loose materials may be prevented 
from caving and water may be kept from entering the hole when 
water-bearing sands are penetrated. Where the driller expects 
to encounter natural gas under high pressure, he thickens the 
mud in order to hold the gas back in the sand, for otherwise the 
whole column of mud ma^'^ be blown out, an event which may 
entail serious consequences. In deep) holes part of the weight of 
the drill stem is held off the bit to prevent the hole from “going 
crooked,” f.c., deviating from a vertical course (AiJ. 434). The 
amount of weight applied on the bit is shown by a recording 
weight indicator on the derrick floor. 

The mud returned from the bottom of the hole brings up with it 
cuttings of the materials drilled. They are not always easy to 
recognize, and furthermore, they do not appear at the surface 
until some minutes after they were cut. The determination of 
their source is assisted by the driller’s observations on the 
behavior of the bit, indicating whether it is cutting soft or 
hard rock. Wherf better samples of the rock are required, the 
driller uses a bit constructed to cut and retain a core of the forma- 
tion penetrated. The converUional core bit, like the ordinary 
fishtail bit, is screwed to the lower end of the drill stem. Cen- 
trally, inside it, is a barrel into which the core passes as the bit 
cuts deeper. The drilling mud, meanwhile, passes down betwetm 
this barrel and the outer metal shell of the bit; thence out at the 
lower end of the bit; and from there up outside the bit and drill 
stem. When the desired length of core has been cut (usually 
from 10 to 20 ft.), the core is raised to the surfac/e for examination 
by the slow process of “ breaking down the drill stem ” in thribblcs 
or fourbles. 

For quicker results, it has become common practice to use . 
what is termed a tofre-Ztne core barrel. In this tool the bit is so 
made that the core barrel is removable at will. During drilling, 
the barrel is held in place within the bit. After the core has been 
cut, a wire line is lowered, and the barrel is eauji^t and raised by 
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this line through the drill stem, which remains in the hole. This 
is a groat saving of time, since it does away with the necessity of 

breaking down” and ^'making up” the drill stem for each 
core, as in the case of the (jonvcntional type. 

3. Diamond drilling is aiiotlicr process in which the cutting 
tool is rotated. The bit used in this method is a hollow cylinder 
of soft steel in the lower edge of which black diamonds are set. 
so that they project a little way beyond the outer and inner 
edges of the cylinder. ‘ The bit is screwed to a “core shell” 
which is screwed to the lowc^r end of a “core barrel,” and the 
core barrel, turn, is screwed on to a string of hollow steel 
rods which reach to the top of the hole. In drilling, the string 
of rods and the tools attached thereto are rotated. The rods are 
clamped to a hydraulic feed which enables the driller to control 
the pressure applied to the bit. A stn^am of clear water or of 
thin mud is kepi flowing down inside the rods and core barrel 
and up between the rods and the walls of the hole or the casing. 
I^’his keeps the tools cool. The diamonds on the bit cut a way for 
the metal of the cylinder, and a core of rock is left inside the 
hollow bit, shell, and core barrel. As soon as the core extends to 
the top of the barrel, the rods imist be pulled and the core 
removed. The pieces of the core, preserved in the order in which 
they were obtained, furnish an excellent record of the rocks 
penetrated by the hole. To check the positions at wliich the 
rock materials change in character, the rock cuttings washed 
up by the circulating water are examined and the action of the 
tools is watched. 

Diamond drilling is the method commonly employed for mining 
and engineering problems. It is especially useful where there an^ 
so few rock outcrops that examination of the surface geology 
reveals nothing or too little in reference to the true underground 
structure. Under these conditions, several core holes may be 
drilled solely for the purpose of correlating and mapping the 

^ For drilling in formations that are medium hard, a bit may be used in 
which, instead of diamonds, irregular pieces of specially hardened steel, 
such as and borium. have been set. 
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shallow subsurf aco strata. Such hok^s are drilled in positions 
s('l(‘(*,ted by a ff(‘ologist. F'or the sake of (Uionomy th(*y are dis- 
tributed ill the manner or in the order which he thinks will yic'ld 
the data sought with the drilling of the smallest possible* number 
of holes. Thus, where a dome is suspected, one test hole might 
be located on the supposc'd crest, and three or four others might 
be placed surrounding the first. Or, if faint indications of a 
fault are to be checked by coring, one or two rows of three or 
four holes in each should be laid out to cross tin* possible* fault 
at right angles to its trend. 

This core drilling for information on stratigraphy or struetun' 
is one method of exploratory drilUrtg. Since it is rather slow and 
expensive, another method has now come into common use*. 
Holes of small diameter are rapidly drilled by fishtail bit deep 
enough to find reliable key beds for correlation, and then the hole 
is electrically logged (Art. 430). 

427. Reliability of Samples. — As far as the geologist is con- 
cerned, the type of record obtained in drilling is of great impor- 
tance. The reader w^ill perceive, from the foregoing article, that 
the samples secured in different methods of drilling are likely to 
vary considerably in their reliability. The rock core that is cut 
in dij^mond drilling, or by any improved type of core bit in ordi- 
nary rotary drilling, is by far the best index of the formations 
penetrated, although even this may not always be entirely accu- 
rate, since, in drilling through some kinds of ro(^k, unless adequate 
provision is made, particles may be washed out of the core by the 
circulating water. Complete recovery of the entire length of the 
core that has been cut is rare. , 

The record obtained in cable drilling is fairly reliable if kept 
by a competent driller and properly interpreted by a geologist. 
It is subject to errors caused by: (1) too infrequent bailing; 
(2) loss or confusion of rock particles bailed up; (3) occasional 
caving of materials from points above the bottom of the hok*,; 
and (4) incorrect measurements of depths. 

The least satisfactory record Is that sf?cured from the cuttings 
in rotary drilling, for the rocks are thoroughly ground up, the 
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particles are mixed with mud, and considerable time may elapse 
betweem the drilling of a given rock and the appearance of its 
particles at the mouth of the well. Rock variations having a 
thickness of only a few feet are likely to escape notice. The 
driller pays more attention to tlui reaction of the bit than to the 
cuttings. He may call a hard sandstone layer a lime shell, simply 
because, in his experience, this sandstone has the same effect on 
the drilling as a limestone. The geologist must familiarize 
himself with the significance of the driller’s terms. 




Fxa. 410. Fio. 417. 

Fio. 410. — Core showing bedding perpendicular to axis of hole, therefore horizontal, if 
hole was vertical. Figures 416 to 420, and Figs. 431-434, inclusive, are reprinted from 
Bull., Ainer. Assoc. Petrol. Geol. (Bibliog., Lahbs, F. H., 1029, b). 

Fio. 417.'’--Core with moderate dip. 


Because of the many difficulties experienced in securing ade- 
(luate subsurface information in cable-tool and rotary drilling, 
a great deal of time and thought has been devoted to inventing 
and perfecting the various types of core barrel. There are now in 
use coring devices for both cable-tool drilling and rotary drilling. 
C/oring in cable-tool holes is done only when there is a very special 
reason for securing a sample of rock, since ordinarily the cuttings 
brought up by the bailer are sufficient. * In drilling wildcat wells 
(that is weUs far from known oil or gas production) by the rotary 
me^d, the hole is sometimes cored all the way down from a 
below the surface, in order to avoid missing any possible 
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oil or gas sands, and also in order to secure a complete record of 
the formations penetrated. When this is done, the hole may bo 
cored by a relatively small bit, and then reained to full diameter 
by a large bit, or the hole may be cored and simultaneously 
drilled to its full diameter. In the former ease, coring and ream- 
ing arc alternated, usually 50 to 100 ft. of 
depth at a time. 

Most varieties of core barrel can cut the 
core from the bottom of the hole only, so 
that once the drilling has progressed be- 
yond a given point or formation, there is 
no possibility of going back and taking a 
sample. To overcome this deficiency, 
several kinds of side-hole sampler have been 
devised for punching or cutting small 
side-hole cores from the wall of an uncased 
hole.i 

428. Oriented Cores. — Usually, in secur- 
ing cores from a bore-hole, no attempt is 
made to ascertain how the core was ori- 
ented before it was cut out of the rock 
formation. If the bedding is horizontal 
(Fig. 416), there is no particular reason 
for wanting an oriented core; but if the 
strata are inclined as in Figs. 417 and 418, 
the determination of the direction of their dip may be very 
important. In Fig. 419 are shown an incorrect (A) and a corrc^ct 
(B) interpretation of an observed dip of 30® in each of four cores 
taken from different depths in a hole. To understand these dips 
correctly, their direction must be known. Actually, as indicated 
in B, a pronounced angular unconformity was crossed in this well. 

^ On the subiect of sampling and coring, see Bibliog., Kbaub, Edoar, 
1924; Clark, Stuart K. and Jas. I. Danibls, 1928; and OmcEB, H. G., 
Glbnn C. Clark, and F, L. Aurin, 1926. In some respects these papers 
are out of date, but they are excellent presentations, each of the parti<^af 
phase of the subject treated. 





Fig. 418. — Coro with Bleep 
dip. Thifl was taken in a 
iault Bone. The dip in drag. 
The isolated crystals are of 
pyrite. 
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Figure 420 is a diagram of the record of a hole which, after passing 
through 3,500 ft. of nearly horizontal beds, unexpectedly entered 
a HcricH of steeply dipping strata, which were penetrated for 400 ft. 
before the hole was abandoned. If an oriented core of this lower 
series could have Immui secured, the gc'ologist would have known 



Fio. 119.— Two intt’rprMatioiiH basted on four cores iakt'ii fiom n diilled well, os seen in 

vertical section. 


in what direction he must go to appjoacii the axis of the deeply 
buried structure. 

Several varieties of instrument ha\'C been devised with the 
object of cutting oriented cores, but none has been very successful 
as yet . One reason for this is the fact that the core is likely to 
break and turn in the core bairel while in operation. How^ever, 
an ingenious method has been discovered for overcoming such 
diffic^ties, a method dependent on certain magnetic properties 
%i|^i9 the core. 
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As will be explained in Art. 614, the earth may be regardtnl 
as a large magnet. The system of its magnetic forces is known as 
its magnetic field. These forces vary in direction and intensity 



Fig, 420. — Vertical section through strata penetrated by a hole which encountered steeply 
dipping beds at 3,500 ft. Without knowing orientation of cores from below 8,500 ft.^ the 
geologist could not tell in what direction to go to reach the axis of the anticline. 

in difFerent parts of the earth. Because some of the mineral 
constituent^ of common roc^ have the property of acquiring 
and retaining a certain amount of polarity from the earili^s 
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magnetic field, cores of these rocks, having been examined by a 
special instnunent of high sensitivity, are found to reveal polarity 
that they had while in situ. In this instrument a core under 
investigation is slowly rotated in a position such, with reference 
to two suspended magnets, that its magnetic north and south 
sides can be determined. For reliable results a core that is to 
be examined for its magnetic polarity must be carefully labeled 
at the well as to its top and bottom. Since the main object is 
to find out the direction and amount of true dip at the depth 
from which the core was secured, only cores with good lamination 
should be used, preferably shales or sandy shales. Shales with 
no observable bedding and sandstones with cross-bedding are 
of no value. The rough core, as received from the well, is 
accurately ground to the form of a perfect cylinder, and on it 
the strike and direction of dip of the lamination are marked — 
also its top — before it is tested for its polarity. Thus, after the 
examination has been completed, the original position of the core 
before it was cut in the hole can be correctly determined. ‘ 

Two significant facts must be impressed upon the geologist, in 
considering the subject of taking oriented cores: (1) Assuming 
that perfect cores can be secured, there will always be present 
the danger of misinterpreting cross-bedding for true bedding. 
This has been mentioned above. The only safeguard is to 
take plenty of cores for comparison and to place more reliance 
on laminated shales than on sandstones. (2) If a bore-hole is 
not drilled vertical, the original orientation of the core in the 
inclined hole can be learned, but, before the true dip of the 
strata from which this core was cut can be determined, the angle 
and direction of inclination of the hole must be ascertained, and 
corn^ctions must be made accordingly (484). ^ 

429. Correlation of Samptes from Bore-holes. — In order that 
the records of bore-holes may be used for constructing subsurface 
maps and determining subsurface geologic structure, the strata 

> See BibUog., Lyntok, Edward, 1987, 1938. 

* For an interesting paper relating to this subject, see Bibliog., Mbad, 
WApRliW jr., 1921. 
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penetrated by the drill must be correlated; z.r., the formations 
must be recognized and traced from hole to hole. For this pur- 
pose, lithologic characters are sometimes sufficient; but if the beds 
are very similar and hard to discriminate l)y (‘y(‘, n^course may b(^ 
had to a microscopic examination of the specimens. By far the 
most important branch of this work is micro pak'ontology, or the 
study of microfossils. Other lines of microscopic investigations 
which may assist the geologist in correlation are the study of the 
forms, surface features, and proportions of clastic grains, the 
relative proportions and classification of lu^avy mineral grains, 
and the kind and relative amounts of insolul)le residues. 

Micropaleontology is very largely con(*erned with the study 
and classifi(;ation of foraminifera,' microscopic one-ceIl(»d organ- 
isms which have left their minute tests buried in the rocks as a 
record of their former existence. Their little shells are most 
likely to be found in muds, clays, and shales, that is, in the finer 
sediments which were deposited in water not too violently 
agitated nor too swiftly flowing. Like all fossils, some species arc 
found ranging through several or many geologic formations, 
whereas others are more narrowly limited. Formations may 
sometimes be recognized and distinguished by a characteristic 
species, or more often by a particular assemblage of species, 
different from the species in other associated formations. 

For the study of these foraminifera and otheJr microscopic 
fossils, the rock samples (cores or cuttings) are first crumbled, but 
not crushed, and are boiled in water containing a little ordinary 
baking soda. This is to break down the colloidal matter. Next, 
after the partly disintegrated sample has cooled, it is carefully 
washed under the faucet in a weak stream of running water. 
Tbe lighter constituents are decanted, little by little, until only 
a heavy residue remains. The rest of the water is then poured 
off and the residue is dried on the stove. In this residue will be 
found the shells of foraminifera, if any were present in the speci- 
mens. They can now be put on a slide and examined under the 

^ Other microscopic fossils of value in this connection are diatoms, ostra- 
cods, conodonta, etc. 
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microscope J The micropaieontologiat must be warned always 
to be on his guard lest the. samples be contaminated by material 
from higher up in the hok^. 

Where foraminifera are absent, correlation of the formations 
or strata may perhaps be possil)le through a carciful study of their 
content of ‘'heavy minerals, ’’ for in many localities investigation 
has proved that the proportions in which these mineral grains 
oce.ur may differ markedly in different beds, yet hold fairly con- 
stant in one bed or formation over an area of considerable extent. 
These "heavy minerals*’ are clastic, sometimes altered in shape 
by secondary crystallization. Following is a list of the more 
(‘ommon varieti(\s, with their specific gravities. Quartz, musco- 
vite, and biotile are noted for comparison. 


Andalusitc 
Apatite . . . 
Biotite . . . . 
Calc i to. . , . 
(\vaiinte‘ 
Kpidotr . 
Garncjt . . . . 
llinenite . . 


3.16- 3.20 

3.17- 3.23 
2.7-3. 1 
2.713 

3 66-3.67 
3.3-3.51 
3.15-4.3 

4 5-5 


Ma>?netite. . 
Muscovite . . 
Pyrite . 

Q\iartss 

Rutile 

Staurolito . . 

Topaz 

Zircon 


5.17- 5.18 

2.76-3 
4.5-5. 1 - 

2.65 

4.18- 4.25 
3.65-3.75 
3.4-3.65 
4.68-4.7 


In preparing samples for heavy mineral determinations, 
crush the rock in a mortar. If calcareous, treat with hydrochlo- 
ric acid, decant, wash with distilled water, and dry. If the 
material is impure sand or sandy shale, boil with soda, decant, 
thus removing colloids, wash with distilled water and dry. If 

* For references on this subject see Bibliog., Cushman, Joseph A., 1924; 
Bchuchbrt, Chj^bles, 1924; Applin, Esther Richards, ei al., 1925; 
Gauowat, J. J. 1926; Cushman, Joseph A., 1928: Milner, Henry B,, 
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llic^ sample noiitains oil, wash with benzol, ehlorofonn, or aleohol, 
and dry. The dried cleaned material is then pourtid into bromo- 
form having a specific gravity of 2.09 (test with a hydrometer), 
and contained in a funnel. The mineral grains of higher sf)ecific 
gravity will sink. They may be drawn off thiough the stem of 
the funnel into an evaporating dish. After the small quantity 
of bromoform which escapes has been decanted, the heavy residue* 
is then washed with alcohol. To clean grains of ii*on coatings, 
heat residue with nitric acid or aqua regia, which will nunovc* 
pyrite, marcasite, limonite, and other iron compounds. After 
drying, the grains may be mounted in balsam on a slide ready for 
study. 

The comparison of sands by their heavy mincTal content is 
ti'dious unless very striking differences are discovered. In gen- 
eral practice a rough count is made of the relative proportions of 
each such mineral in a type sample of the rock, and this assem- 
blage is taken as the criterion for comparison.^ 

A great deal can sometimes be learned, in the way of corn*- 
lation, by studying the shapes of the clastic sand grains, their sur- 
face features, such as pitting, gloss, etc., and other such features, 
which are largely dependent upon their mode of origin, for after 
all, sediments must have characteristics imposed upon them by 
virtue of the particular climatic and physiographic conditions 
under which they were transported and accumulated. To a 
considerable degree, a like statement applies also to microscopic^ 
fossils and '4ieavy minerals.” 

Another avenue of approach to the problem of subsurface cor- 
relation is by w’ater analyses. * Within reasonable distances, the 
water from a given stratum may have roughly similar chemical 
properties, which may differ strikingly from those of the waters 
from overlying or underlying strata. Care must he exercised, 

' For further information on this subject and on the study of insoluble 
residues, see Bibliog., Reed, R. D., 1924; Tickell, F. G., 1924; Ross, 
Clarence S., 1926; Reed, R. D., and J. P. Baxley, 1927; Mtlnbr, Henry 
B., 1929; McQueen, H. S., 1931*^ 

* Bibliog., Ross, J. S. and E. A. Swedenborg, 1029. 
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however, in using this means of correlation, for: (1) water from 
the same sand may n'veal very difforejit mineral contents adja- 
cent to faults, or other pjissages for fluid circulation across forma- 
tions; and (2) from point to point the water in any given stratum 
is likely to show a progressive change in mineral content. Not 
infreciuontly, for example, water in a *^sheet sand’'^ will contain a 
higher proportion of chlorides in the upper part of a closed struc- 
ture (anticlinal closure) than lower on th(^ flanks, for the reason 
tluit any circulation within the sand has probably been more 
a(!tive, and consecpiently t/he original connate nature of the water 
has been more modific'.d by dilution, low on the flanks, nearer to 
th<' synclinal troughs or basins. Similarly, in a given sand which 
has a regional dip for many mih^s from its surface exposure, 
the water is apt to ))e fr(»shen(‘d and modified iipdip toward 
the outcrop, where meteoric waters have ingress. 

If samples of water cannot be obtained from bore-holes, cores 
of the water-bearing sands may Vie testc^d instead, and thereby a 
fair approximation to the composition of the water may be made. 
The rock specimen for analysis must V)e solid and as free as pos- 
sible from contamination by drilling fluid, etc. It should be 
broken from inside the core. First, its porosity is roughly deter- 
mined, thus: 

(a) Weigh sample, oooi to 40°F. in a closed vessel to prevent 
condensation, dip in melted paraffin, cool to room temperature, 
and weigh again. The difference in weight times the specific 
volume of paraffin equals the volume of the paraffin. 

(b) Using a wide-mouthed specific gravity flask, weigh flask 
plus sample, tVicn flask plus sample plus distilled water. Sub- 
tract the difference of these weights from the calibrated volume 
of the flask (indicated by a mark on the neck of the flask). 
Result is volume of sample plus paraffin plus pore space. Sub- 
I ract volume of paraffin to obtain volume of sample plus pore 
space.® 

^ A sand entMy blanketing over a structure. 

• Temperatures of water used in (6) and (c) should be observed so that 
^ri^tipna for volume may be made. 
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(c) Peel off paraffin, crush sample, dry in oven at 212**^., 
cool in a desiccator, and weigh samjde plus specific gravity flask. 
Add enough distilled water to cover sample, stir out all air 
bubbles, place top on flask, fill to mark on ne(;k (for calibrat(Hl 
volume) and weigh again. Cal(*ulate volume of sample as in 
{h)A 

(d) Volume of sample plus pore sjiace minus volume of samphi 
equals volume of pore space. 

(e) Percentagt* porosity equals volume of pore space dividend 
by volume of sample plus pore sj)ace. 

(/) Specific porosity (cubi(^ <;entim(^ters of pore spa(^e per 
grain of sample) equals pore space divided by weight of original 
sample. 

Having thus determined the approximate porosity, add to a 
large portion of the crushed and dried residue of the sample 250 
cc. of distilled water. Run the analysis on the leachings and 
calculate the results in parts per million based on the volume 
of the pore space in the core specimen. 

While this method is open to some criticism, it has met with 
considerable success. It has often been che(^ked by comparing 
the analysis of the sample with the analysis of the water sub- 
sequently obtained from the same sand, and the results have been 
very satisfactory. 

430. Electrical Survejdng of Bore-boles. — The exact position 
from which samples come, in a drilled hole, is always more or less 
open to question. Cores can be more accurately located than 
cuttings, but often there is considerable loss of material, so that 
the precise depth to the top or bottom of any stratum n^presentod 
by the well samples is difficult to ascertain. Furthermore, the 
fluid content of cuttings and cores received at the surface is not 
likely to be the same as the original fluid content of the rock from 
which these samples came. To determine, even qualitatively, 
what this original fluid may have been, is frequently very desirar- 
ble. For the purpose of learning more about the lithology and 

^ Temperatures of water used in (&) and (c) should he observed so that 
corrections for volume may be Made. 
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fluid content of rocks in the walls of a bore-hole, and in con- 
junction with this, for more accurately fixing the top and bottom 
contacts of rocks of varying character, a procedure known as 
electrical surveying or electrical logging ^ has been developed and 
improved to such an cxtcuii that it has become common practice 
in nearly all holes drilled for oil or for geologic information. 
In the following paragraphs electrical surveying and electrical 
logs are briefly d(js<*ribed, and the uses of these logs, for the 
purposes just m('ntioned, are outlined. Their application in 
subsurface correlation is discussed in Art. 469 . 

Thcni are several methods of electrical surveying now in com- 
mon use, but in most of them two classes of electrical potential 
are measured. In the first, only currents come into play that are 
generated as a resull. of chemical and physical reactions set up 
between natural conditions in the rocks and certain conditions 
in the drilling mud in the bore-hole; whereas, in the second, an 
electrical field is artificially imposed. Observed effects are 
plotted as lin(\s or “ curves, respectively called a natural, or 
'potential, or self-potential curve, in t.lie first case, and a resistivity 
curve, in the second case (Fig. 421). The natural curve 
is also known as a porosity ruwe, or, better, a permeability curve, 
Mc'HSurements are made by low'ering certain apparatus into the 
hole while the hole is full of drilling mud ( 426 ) and before it is 
cased, i,e,, while its rock walls are still exposed to the drilling 
fluid. 

The permeability (natural) curve represents the algebraic sum 
of three kinds of electrical potential msulting from pressuie 
differences and chemical differences between the drilling fluid and 
the fluids in the rock formations. 

1. A flow of electric energy may be caused by filtration of 
water out of the drilling mud ( 426 ) and into a porous medium 
(such as a sandstone penetrated by the hole) or from the porous 
medium into the hole. The former direction of filtration (and 
electrical current flow), regarded as of negative sign, is much more 

* See Bibiiog., Schlumbergbb, C. and M., and E. G. Lbonardox. 1934; 

Bibliog., Houston Geological Society Study Group, 1939 . 



common, because ordinarily the mud col- 
umn at any deptli in the hole is heavier 
(('xeris more pressure) than the' hydrostatic 
pressure at that depth. V\'at(‘r from the 
mud may hr. squeezed into tlu' pon^s of the 
rock for a distance of sev(n*ul inches or ('ven 
s(‘veral feet back from tlu' face of the liole. 
Occasionally the flow is in the opposite di- 
rection (positive) if strong artesian jiressure 
or strong gas pressuie forces fluid from the 
porous rock into the hole in spites of the re- 
sisting pressure of the mud column. These 
effects (negative and positive) arc referred to 
as dfictro-filtration. 

2. A se(;oiid kind of electrical effect, called 
half -cell electro-chemical potential, is produced 
as a I'esult of chemical conditions at the sur- 
face of a metal elect rode. In a very thin lay- 
er small currents can rapidly change the 
chemical conditions and polarize’^ the elec- 
trode. Since this action may obscure and 
perhaps conceal (he effects of electro-filtra- 
tion, precautions are taken to reduce the half- 
cell potential to a minimum, so that, as 
nearly as possible, variations in the electro- 
filtration potential alone will bo recorded. 

Fio. 421. — ExBmph» af an electrical log, nhowirig two curves, 
one on each side of the central vertical column, the divisions of 
which murk hundreds of feet of depth in the hole surveyed. 
The curve on the left is called the '‘first curve,” or “per- 
meability curve"; and that on the right is the "second curve,” 
or “resiativity curve.” A scale of millivolts (MV) is given for 
the first curve, and a scale of ohms, for the second curve, both 
at the top of the log. Note <1) that permeability of sands is 
not well shown in the upper part of the log (soy down to 1,000 
ft.) where there is little difference in the composition of the 
drilling mud water and water in the formations; (2} that in this 
upper zone, where the formation waters sre fresh oi hrackish, 
rather high resistivity is indicated (second curve); (3) that, 
with increasing depth, the positions of sands are clearly marked 
by indications of high permeability; and (4) that salt water 
present in these deeper sands shows little or no evidence of 
reinstivity. Howeirer. near the bottom of tbs log^is a sand that 
contains oil or gas* as evidencsed by high resistivity. (Of. 
Fig. 422.) 
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3. A third, but loss important , olootTioal offecit, oallod boumlary 
ehcinHchemical 'potential, is pr<iduo(;d by an exohango of ions 
b(^twcon the water in the mud and the water in the porous 
formation, at their boundary or interface. An electric current 
flows from the water of lower salinity into the water of higher 
salinity. As pointed out in the footnote on p. 65, underground 
waters (also called formation waters) become progressively 
more saline with depth. Since drilling mud is usually made with 
fresh water, there may be little or no electro-chemical action 
in upper sands, but, as greater depths are reached, the increasing 
salinity of the formation watc^rs produces stronger electro- 
chemical effects. If t.he current flows from the mud into the 
formation the j)henom(mon is called negative. The reverse, 
which is comparatively rare, is positive. It may occur when a 
hole is drilled into a stratum of salt, and the mud, in its circular 
tion, becomes highly saline through gradual solution of this 
salt. 

These three effects — el(»(».tro-filtration, half-cell electro-chemical 
action, and boundary electro-chemical action — are recorded 
as an algebraic sum in the self-potential or permeability curve. 
Their measurement is accomplished by lowering an electrode 
at the end of an insiilat ed conductor into the hole. The. upper 
end of the conductor is connected to one terminal of a potentiom- 
eter, the other terminal of wdiich is connected with a grounded 
reference electrode near the mouth of the hole. The difference 
between the electrical potential of the ground (reference) elec- 
trode and the potential at any point in the hole (at the suspended 
electrode) is indicated by the potentiometer and is recorded as a 
point in the permeability curve, which is built up by reading and 
recording this quantity in a continuous series of observations 
as the suspended electrode is moved through the length of the 
hole. 

In general, the three components of the self-potential curve 
arc proportiotf^l to the permeability of the rock, although their 
|d>solnte values may vary with the weight, viscosity, and salinity 

th^ mud and with some other minor factors. Their order of 
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magnitude may be roughly exproKaed as follows: (a) cleetro- 
filtraiion potential, up to hundreds of raillivt*lts; (/>) half-cell 



Fxa. 422.'^El8ctrical log of the lower r>art of a hole drilled for oil. Here the bedii ehowing 
very high resifitanoe are of anhydrite, which, as indicated opposite in the first curve, is 
highly impermeable. Contrast this with the <nl sand near the bottom d the log in Fig. 421. 

Because of the inconvenient width of a log, where high recnstiviiy is shown, as in this case, 
It is common practice to reduce the scale of ohms to one-fifth of the usual scale (see top of 
log) for the outer parts of the peaks in the curve, which are then shown shaded or. as in t.hi« 
diagram, solid blMk. 

electro-chemical potential, up to hundreds of millivolts; (c) 
boundary electro-chemical potential, up to tens of millivolts. 
Provided variations in the hatf-celi electro-chemical effect are 
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successfully reduced to a minimum, electro-filtration thus 
becomes the major component in the permeability curve. 

Rock materials in the lithosphere differ in respect to their 
electrical conductivity or, conversely, their resistivity. Dense 
rocks, like granite, quartzite, gneiss, marble, gypsum, rock salt, 
anhydrite, and coal, have high electrical resistivity (Figs. 422, 
423). In porous rocks the rt^sistivity is determined by the nature 
and composition of the (!ont-ained fluids. Fresh water has high 
resistivity; salt water has low resistivity; and, again^ oil and gas 



Fxa. 423. — Electrical Ior of a small part of a deep hole in south Texas. Lignite with low 
permeability (a) and relatively high icsistivity {b), and oil santi with good permeability (c). 
tind high resistivity (d) were penetrated in drilliiig this section. 


have very high resistivity (Fig. 421). In shales and fine sedi- 
ments the water held in the pores is usually relatively saline, 
even at shallow depths where interbedded sands may carry 
fresh or only brackish water. The sands that contain oil have 
more or less adsorbed saline water on the surfaces of the mineral 
grains (t.e., on the walls of the pores), and the effect of this 
wat45r may sometimes mask or reduce the opposite effects of the 
oil, especially in fine sands. In view of these facts, wide varia- 
tion may be expected in the resistivity characteristics of rock 
materials at different depths, in different stratigraphic and 
structural associations, and in different localities. 

The electrical resistivity of rocks penetrated by the hole 
is usually determined by sending an electric current through the 
ground, by battery or otherwise, and by measuring the variation 
in intensity of current, where only one electrode is used; or by 
ijmeasiiriiig the difference in potential between two exploring 






dcctrodes where a system of four is 
used, one being oi.i the surface of the 
ground and the other three being 
lowered into the hole; or by meas- 
uring certain electrical quantities 
by various other methods, all of 
which yield results that, from a 
practical view-point, arc compar- 
able. The electrical characteris- 
tics of the formations are 
automatically recorded in the form 
of the so-called resistivity curve (Fig. 
421 ). 

If the three suspended electrodes 
(in a system of four) are relatively 
close together, electrical effects that 
are measured will be the result of 
conditions in the immediate vicin- 
ity of the electrodes. The radius 
of investigation may reach only a 
few inches into the wall of the hole, 
a distance that may be less than 
the distance of infiltration of water 
from. the drilling mud into a por- 
ous formation. In this case the 
measured electrical resistivity will 
not be that characteristic of the 
particular rock and due to its true 
fluid content. To obviate this 
difficulty, additional resistivity 

l‘^a. 424. — ^Electrical log ebowiiig first, second, 
and fourth curves. (Third curve omitted for sake 
of clarity.) At shallow depths the second and 
fourth curves arc similar (fresh water). With 
increasing depth, peaks in the second curve are 
not always duplicated in the fourth curve. Fresh 
water from the drilling mud may have pene- 
trated a few inches into the wall, but not far 
enough to affect the fourth curve. A definite 
peak in both seAnnd and fourth curves may indi- 
eate an oil sand or a gas sand U tUe curve 
shows a lair degree of permeability. 
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curves are sometimes run, with wider spacing of the suspended 
electrodes so that the radius of investigation of the electrical 
effect will be greater than the distancse of infiltration of the 
drilling fluid. Such additional curves are commonly referred 
to as third and fourth curves (Fig. 424). The student 
should note that, because of the wider spacing of the electrodes 
for third and fourth curves, the measured resistivity is an average 
for a thicker zoiHi of rock materials and is therefoi-e less detailed 
than the second curves run with more closely spaced electrodes. 
In other words, tlu^ third and fourth curves may more surely 
indicate the nature of the fluids originally present in a porous 
stratum, but they may not so actcurately determine the top and 
bott/om and thickness of this stratum. These, however, can 
often be ascertained from the permeability curve. 

In practice, the readings for the self-potential (permeability) 
curve and for a resistivity curve arc made in the same run of the 
electrodes in tlu^ hole. 

Summarizing, then, we may say that (4ectrical surveying of 
bore-holes provides us with a double r(U‘ord of certain charac- 
teristics of the formations drilk'd. On th(^ one side we have the 
first, or self-potential, curve reflecting permeability variations 
in the rocks; on the other side we have one or more (second, 
third, fourth, etc.) resistivity curves that, by liigh figures may 
indicate dense, nonporous rocks or fresh water, sulphur water, 
oil, or gas in porous rocks, and, by low figures, may indicate 
salt water in porous formations, whether permeable (sand, etc.) 
or not (mud, shale). These curves are drawn on the same 
paper, thus providing an electrical log of the hole. They must 
be studied together, in their mutual relations, to arrive at the 
most satisfactory interpretation; but the student must always 
remember that they do not represent, absolute values. These 
curves picture a resultant of many factors, so that rules cannot 
be too rigid as to the significance of individual peaks and depres- 
sions in the fines, nor as to the quantitative measure of these 
peaks and depressions on the horizontal scales employed (milli- 
jfor self-potential curve; ohms for resistivity curves). 



These remarks bear chiefly 
on the intrinsic Value of an 
electrical log for study of 
the formations intersected 
by a given hole. As already 
indicated, there is another 
very important use for these 
logs when they arc com- 
pared one with another, 
namely, for purposes of geo- 
logic correlation. This 
phase of the subjec^t is n^- 
served for the next ohai)ter 
(Art. 469). 

431. Drilling-rate Charts. 

Of assistance in correctly 
correlating samples of strata 
penetrated in drilling is th(^ 
driller^s time chart or drill- 
ing-rate chart. Figure 425 
illustrates such a chart. It 
records the rate at which 
drilling progressed through 
formittioiis between the 
depths of 2,720 and 2,920 
ft. From 2,720 to 2883 
ft., drilling was relatively 
slow, because^ the formations 
were hard, but at 2,883 ft. 
there was an abrupt increase 

Fxa. 425. — Drilling speed record. In 
this record, m&de of a well in west Texas, 
the rate of drilling, in feet of depth per 
hour, is recorded for every foot of hole 
drilled between oertain limits (here be- 
tween 2,720 and 2,020 ft.). The greatly 
increaaed rate beginning at 2,882 ft. indi- 
cates penetration of a highly porous, or 
soft, sone, which, in this case, carrM 
oil. The base of this sone was betw^n 
2,004 and 2.907 ft. 
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in th(‘ nit(' of drilling? whore a soft rook (here sandstone) was 
enooun((‘rrd. After passing through this zone, hard lim<Jstono 
was drilUid at. a very slow rate down to the total depth, 2,920 ft. 
It should be evident that this chart, when checked against the 
drill cuttings, may help the geologist to place the top and bottom 
(‘ontact.s of strata that differ in their hardness. Similar records 
in adjoining wells facilitate subsurface correlations (Art. 468 ). 

432 . Geothermal Data in Relation to Geology. — That the 
temperature of the lithosphere increases with depth is a well- 
known fact. The rate of incn^ase with depth is called the 
temperature gradient. In different localities it has a wide range 
in values, but, in general, the average may be regarded as 1®F. 
increascj for every 50 to 60 ft. of depth. Esl.imates are usually 
made from mean annual temperature at the earth's surface, this 
value b(‘ing added to depth in feet times the rate of temperature 
increase per foot. Tables giving data on temperature gradients 
in many parts of the United States have' been prepared by Van 
Orstrand.^ 

Measurement of subsurface temperature is usually made by a 
resistance thermometer in preference to the old type of fluid 
thermometer. The effectiveness of the resistance thermometer 
is based ofi the fact that the electrical resistance of a conductor 
varies as a function of its temperature. As the thermometer is 
lowered into a well, the temperature changes are continuously 
recorded at the surface. These observations may be made along 
with electrical logging of the hole ( 430 ). 

The causes of temperature increase with depth and the causes 
of variation in the gradient are problems still under investigation. 
Some causes for abnormally high (steep) gradient are (1) proxim- 
ity to igneous intrusive bodies; (2) proximity to a granitic for 
other crystalline) basement; and (3) ascending hot water or hot 
gases. Causes f6r an abnormally low gradient are (1) fi’cely 
circulating cool waters and (2) expanding gas. 

Subsurface temperatures are of interest to geologists in 
two ways: (1) They may be indicative of certain lithological and 
' ‘ Bibliog., Van Okstrano, C. E., 1934, pp. 1009-1021. 
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fluid conditions in the rocks penetrated by drilling; and (2) 
they may suggest certain structural conditions, especially when 
they have been recorded and correlated in numerous wells in a 
given district. 

1. The release of some gas from a sand, in which it has been 
under considerable, pressure, results in its expansion, and, skic(^ 

expansion is a cooling process, this may 

cause a distinct lowering of temperature, 

as measured in a drilled hole, opposite — =, — 

the gas-bearing stratum (Fig. 420). \ 

Similarly, an oil-bearing sand may be 1 

indicated by a drop in temperature I 

opposite the sand, because of expansion \ 

of the gas released from the oil. Strata SI 

containing cool subsurface warer — usually ^ 

only at shallow depths — produce local S ) 

cooling effects. On the other hand, o c A 
strata carrying hot water may be shown ^ 

on the graph by an abnipt temperature \ 

rise. Changes of temperature of this \ 

kind are most evident when there is 

opportunity for the fluid (gas, oil, or fio. 420 .— Part of a ti*m- 

water) to pass into the hole, provided S7or 
circulation of the drilling mud is properly uycrvMe of temperature with 

^ T 1 . 1 111 deF)th in indicated by line 06. 

controlled; but, even where a hole has The sharp lowering of tem- 

been cased, the temperature effects may 

sometimes be detected through the casing, a wnd »t (hia 

especially if extraction of these fluids 

from adjacent wells has brought about their movement, or 

has facilitated expansion of gas, through the body of the con- 

tmning porous strata. 

2. Of much more significance for geologists are the particular 
relations of subsurface temperatures to geolo^c structure. 
Investigations made in Wyoming and Cidifomia by Thom* and 


* Bibliog., Thom, W. T., Jh., !#25i 
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Fia. 427.'— Creek Dome, Wyoming. Dashed oontours show elevation of top of 
Second Wall Creek sand above sea level; sdid lines are of equal temperature gradient; dots 
and heavy figures show locations of wells, and temperature gradients (showing ratio of 
increase in feet per l^F.). (After W. T. Thom, Jr., reprinted with permission of Economlo 
qedogy.) 
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Van Orstrand^ inxlicated that temperatures measured in a well on 
the erest of an anticline increase more rapidly with depth than 
the temperatures in wells drilled lower on the flanks of the 
stnieture; in other words, that in any given horizontal plane 



Fxq. 428. — CJrosM Hectiuii Bhowiiig depth to Uotherinal 8urface8 as deUrminetl in wells 
along a general line from Tulea to Oklahoma City. (After John A. McCiitchiu; reproduced 
with permission of the Am, Assoc. Petrol. Geols.) The profile on top of the Oswego lime 
was added by the present writer to show the general relations between the geothermal 
surfaces and the regional dip. The letters refer to locations of wells in the section. 

across the structure, the temperature is higher at the crest of 
the fold than on the flanks (Fig. 427). 

In Oklahoma, Kansas, Texas, and California, careful research 
under the auspices of the American Petroleum Institute revealed 
the interesting relations described below.^ In all cases measure- 
ments were made in drilled wells. 

In Oklahoma, a most striking condition brought out by these 
studies is the general westward dip of the isothermal (equal 
temperature) surfaces, in the direction of the regional dip of the 

^ Bibliog., Van Obsteand, C. E., 1024; tWd., 1026. 

*Bibliog., Hsald, K, C., 1080rMcetJTCHm, John A., 1030. 
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strata, and the convergence of theses surfaces eastward. ‘‘Th(' 
100® isothermal surface is only approximately 1,500 ft. deep 
near Tulsa, although this surface is more than 4,000 ft. deep 
near Oklahoma City,”* some 70 miles down the regional dip from 
Tulsa. In other words, the steeper gradient (more rapid ralti 
of increase) and the higluM- tempeuatures at any given depth are 





Fig. 429. — This diagram shows the same data os those in Fig. 428, but we have referred 
both the geothermal measureinentB and the position of the Osv ego lime to sea level. The 
letters merely designate the location of wells in the section. (Prepared by F. H. L.) 

found where the basement rock complex, on which the sediments 
rest, is at shallowest depth. In Fig. 428, copied from MeCutchin, 
we have drawn a line roughly corresponding to the top of the 
Oswego lime, encountered in wells approximately along the course 
of McCutchin’s profile. In Fig. 429 the same facts are shown 
more nearly in their correct relations, for here account is taken 
of the westward rise of the land surface, from which McCutchin 
plotted his data referred to depth, and not to sea level. Although 
^ Bibliog., McCutchin, John A., 1930, p. 541. 
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Ihc dip of the strata and the dip of the isothermal surfaces arc 
similar northeast of i, there is a distiiu't rise in the latter in the 
region of the Oklahoma City anticline (not sliown in Fig. 429). 

In Oklahoma and Kansas a definite rt4ation Ix^tween local 
structun? and geothermal gradients was observcid, though not in 
all instances. ^‘The variations within individual fields (oil pools 
on structure) are ordinarily small but measurable and fairly 
uniform. The variations from area to area are large and s(‘em 
to Ix'ar a relation to the regional dip of the formations.”' 

In Texas, th(^ symmetrical, dome-like structure of the Big 
Lake field in Reagan Ouinty w^as “clearly reflected by the; tem- 
perature measurements, but only by the temperaturc\s below 
a d(;pth of 2,000 ft. On four salt, domes examined, temp<;ratur(\s 
were highest on top of the dome, and less on tlie flanks. 

In California “the results of this work . . . show conclusively 
that in fields of the Los Angeles Basin type the temperatures . . . 
reflect structure. Higher temperatures are found over tin* 
centers of domes or anticlines than near the edges of the folds.”*’ 

In general, a large proportion of the structures investigated 
show^ed “a well-defined variation with the highest temperatun; 
always at or near the crest of the anticline.^^^ Although these 
relations are subject to considerable variation and may not 
always be evident, their study and correlation offer a useful 
method of seeking concealed geologic structures, through 
measurement of temperatures in comparatively shallow holes. 

433. Use of Radioactivity in Logging Bore-holes. Bocks of 
various kinds are radioactive in different degrex^s. Their radio- 
activity may be due to minerals that were formed in their origin, 
as in igneous rocks, or to minerals transported and redeposited, 
as in sedimentary rocks. In the present connection the impor- 

^ Bibliog., McCutchin, John A., p. 554; also, Van Ohstband, C, E., 
1934, p. 998. 

^ Bibliog., Hbald, K. C., 1930, p. 107; also, Van Orstrand, C. £., 1934, 
p. 993. 

* Bibliog., Heaxo, K. C., 1930, 

• Bibliog., Van Orstrand, C. E,, 1034, p. 1004. 
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tant fact is that apparently the radioactivity of a given stratum, 
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or of a given rock type, as evi- 
denced by certain electromag- 
netic radiations called gamma 
raySf may be remarkably con- 
stant, and therefore character- 
istic, over wide areas. The 
correspondence between rock 
t 3 ’^pe and gamma-wave radio- 
activity is illustrated in Fig. 
430. Note that, among sedi- 
mentary rocks, shales are com- 
monly most highly radioactive, 
particularly^ black or dark-col- 
ored shales; whereas sandstones 
and pure limestones are less 
radioactive. 

The great value of radioactiv- 
ity as a means of correlation 
( 460 ) rests on the fact that it 
can be measured in cased holers. 
Gamma rays penetrate consid- 
erable thicknesses of iron, so 
that, with proper equipment for 
measuring this radioactivity, it 
is possible to determine the top 
and bottom contacts and correct 


L£Q£ND thicknesses of strata that were 


Satisfactorily logged when 
drilled. Other 


1 \ Shs/m \ S^/y lim€sfonm 

Flo. 430. — Gamma-ray log ol part of a 
hole in Oklahoma. To the left of the 
gamma-ray enrve ie a lithologic log for com- 
parieon. Note the high peak in^oated in 
the gamma-ray curve for the Chattanooga 
ahale. (Reprodueed with permieeion of 
Well Surveya. Inc., of TiUsa, Okla.) 


methods of log determination 
and correlation must be applied 
only in open (un-cased) holes. 

The Problem of Crooked 
Holes.— Except under special 


conditions, when a hole is drilled into the ground for water, or oil. 


SUBSURFACE OEOLOOIC SURVEYINO 


589 


or gas, or simply 'for information as to subsurface geology, tlu' 
intention is to drill it vertical. One can easily realize, however, 
that if too great pressure is put upon the bit by forcing it, or by 
not lifting some of the weight off the drill-stem in deep holes, the 
drill-stem is likely to bend or lean in the hole and crowd over to 
one side, with the result that the hole wanders off a plumb line. 
To illustrate, holes have been found to go off the vertical as much 
as 30° or more with no indication of this condition in the drilling. 
Several very curious instances are known where two wells, started 
on the surface several hundred feet apart, ran into one another at 
depth. ‘ This, of course, would apply to diamond drilling and 
rotary drilling, but not to th(‘ cable-tool method, though even here 
crooked holes^ have been drilled. 

There are several important causes for this tendency of holes 
to deviate, but we cannot discuss them now.® The main points 
to remember are, that while a great d(^al of careful study was 
given to this problem in 1927 to 1929 with the result that better 
drilling methods have very greatly reduced the amount of devia- 
tion of holes and the number of holes which are still drilled off 
plumb, nevertheless: (1) some regions and on some types of 
structure the drilling of vertical holes is difficult; (2) the increasing 
depths of drilling for petroleum^ mean that holes that have 
only a small angular deviation may be far to one side of^heir 
intended position at the bottom; and (3) if a hole is not vertical, 
then obviously certain geologic inferences, based on the data 

1 Bibliog., Lahbe, F. H., 1929 (b). 

* By crooked hohj a drilling term, we mean simply any hole which tleviates 
from its predetermined course — generally a hole that deviates from the 
vertical. 

^ Bibliog., Dodge, John Franklin, 1930; also Lahbe, F. H., op, ciL 

* The deepest well in the world in July, 1930, was the Mascot No. 1, 

drilled, but not yet completed, by the Standard Oil Co. of California, in the 
Midway field of California. It was 9,629 ft. deep on July 1. On Jan. 1, 
‘1940, 427 holes had been drilled, in different parts of the world, to over 
10,000 ft. The deepest hole drilled up to that time was completed m 1938 
in California to a total depth of 15,004 ft. This was the Continental Oil 
Company’s KCL A-2 in Kern County (sec the Oil WreMy^ vol. 96, Pt. 8, 
pp. 68-74, Jan. 29, 1940). ^ . 
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recorded in the well, may be in error, and perhaps seriously so. 
Resulting misinterpretations of geologic structure are illustrated 
and described in Art. 464. 

A phase of this problem in which the geolo- 
gist is vitally interested is the correct orientation 
of cores. On the assumption that cores can be 
secured in such a manner that their original 
orientation before they were cut, can be ascer- 
tained (Art. 428), then it becomes necessary, in 
a hole which deviates from the vertical, to find 
out in what direction and how much the hole 
is off plumb; for otherwise estimates of the po- 
sition of the cores from this hole are incorrect. 

‘^The study of cores for their orientation and 
th(^ determination of the direction of true dip is 
not easy. For instance: (1) in a vertical hole 
penetrating horizontal strata, the lamination is 
at right, angles to the axis of the core. If (2) the 
l)<?ds are horizontal and the hole is inclined, the 
angle between the axis of the core and the lam- 
ination is equal to the inclination of the hole (Fig. 
432). If (3) the beds dip, let us say, 3Q° due 
south, and the hole is vertical, the lamination in 
traiiont^f^Sp^in a corc makes an angle of 30° with the axis of 
ttore Buppoaed to But, unlcss the angle of deviation of 

]»ave been taken , , . . , . i , t . 

from a vertical the liolc IS known in case (2) and unless the orien- 
tuitwrepreLmtstJw tation of the core is known in case (3), we cannot 

tiw*’ core, 

mark, the hori- “Now if we suppose that (4) the beds dip 30® 
due south, as in case (3), and the hole is inclined 
din*!n"h«*eorer*' Vertical in a due north direction, the 

core will show lamination perpendicular to its 
axis, as in case (1); or, (5) the hole may be inclined more 
thjm 30® from the vertical in a due north direction; or (6) less 
than 30® due north; or (7) at an angle of less than 30® from the 
vertical due south. 
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Fig. 432. — Similar to Fig. 431, but here the hole (and core) in inclined in such a way 
that the bedding, actually about huriasontal, would be aaid to dip the amount of inclination 
of the hole, if this latter figure were not known. * 



Fio. 433.*— fiiisQar to Fig. 431, but dip is about 35^ to left and hole Is inelined about 30^ off 
vertical toward right, giving impression of bedding dip of about 33*. 
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‘‘These are all comparatively simple cases, for the hole is 
inclined in the plane of the dip of the strata. They are illus- 
trated in Figs. 431-433. The real difficulty lies in the fact that 
extremely few crooked holes are inclined in the plane of the dip 
of the bedding, evcjri in the short length of hole from which 
the core came. Thus, in Fig. 434, the core, represented by the 
graduated glass tube, slopes toward the left in the plane of the 



Fig. 434. — Similar to Fig. 431, but here hole is inclined to Left and bedding is inclined from 
front to back, in figure. 


picture. The surface of the black liquid marks the horizonta,! 
line. The bedding (white line) dips toward the background, 
almost at right angles to the plane of the picture. It is evident 
from this picture that if the relations of the bedding (white line) 
to the horizontal plane and to compass directions were not known, 
nothing could be determined from the relations of the bedding 
to the core alone, and this is true even if the correct attitude 
of the hole were known. 

“This topi^, is stressed to make it thoroughly evident that 
oriented cores ou^t to be secured from drilling wells, but in 
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order to secure them the hole must ho surveyed as to both its 
angle and its direction of deviation from the vertical/'* 

We cannot enter into a discussion of methods of measuring th« 
deviation of boro-holes. Many types of instrument have been 
made for determining the vertical angle of deviation only, and 
several devices have been used for measuring both the vertical 
angle and the direction of deviation. 

435. Directional Drilling. — In this place we may briefly 
mention what is called directional drilling^ or inclined drilling, 
which means purposely drilling a hole off the vertical. This is 
not uncommon practice, where, for example, an inclined hole can 
be drilled onshore to reach a desired point offshore or where, by 
drilling several inclined holes from one derrick location, a great 
deal of money can be saved as contrasted with drilling these holes 
at locations on the surface directly above the points that they 
must reach at depth. If these inclined, or directional, holes b<md 
off their intended course, they are brought back approximately 
into line again. The important thing is that a hole of this kind 
must be carefully surveyed at frequent steps during its drilling, 
and, when completed, not only must it reach its predetermined 
destination, but its exact course must be charted. Obviously 
the proper correlation of formation tops and other geologic 
phenomena encountered in such a hole must involve corrections 
for the inclined course just as in the case of crooked" holes 
drilled inadvertently off the vertical (434). 

1 Bibliog., Laheb, F. H., 1929 (6), pp. 1135-1141. 

* For various methods of surveying holes for vcrticality, see the different 
oil-trade journals; also, Bibliog., Lahee, F. H., 1929 (6), and Dodge, John 
Franklin, 1930. 



CHAPTER XIX 

MODES OF GEOLOGIC ILLUSTRATION 

Geologic Maps 

436. Definitions. — Any map that shows the distribution of 
rocks and the form or distribution of geologic structures is a 
geologic map. An areal geologic map or formation map shows 
the distribution of formations. A structure contour map repre- 
sents the form of geologic structures by contour lines (466). 
A special type of geologic map is an outcrop map W'hieh represents 
only the actual outcrops. In the preparation of a geologic map 
the geologic features are plotted on a land map, showing suiwoy 
or ownership divisions, or on a topographic map, or on an 
airplane photographic map (423). In either case this map is 
referred to as a base map^ The distribution of rocks is indicated 
on a geologic map by various patterns or colors, and linear fea- 
tures, such as fault lines, igneous contact lines, boundaries,. etc., 
are showm by lines of different kinds and weights. If there arc 
many formations to be represented, a literal abbreviation may be 
printed at intervals in each color afea (see folios published by the 
U. S. Geological Survey). In the margin of a geologic map is a 
legend, that is, a key to the meaning of the colors, patterns and 
lines used on that particular map (288, 442). 

437. Conventional Patterns, Lines, and Symbols. — The color 
or pattern to be employed on a geologic formation map depends 
largely upon the inclination of the investigator unless he is work- 
ing for some organization which has already adopted a scheme. 
On the maps of the U. S. Geological Survey .certain colors and 
patterns have a definite significance. ‘'Patt^ems composed of 
parallel straight lines are used to represent sedimentary foima- 

deposited in the sea, in lakes, or in other bodies of standing 
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water. Patterns of dots and cireh's represent alluvial, glacial, 
and eolian formations. Patterns of triangli^s and rhombs an* 
used for igneous formations. Mctamorphic rocks of unknown 
origin are represented by short dashes irregularly placed; if the 
rock is schist the dashes may be arranged in wavy lines parallel 
to the structure planes. Suitable combination patterns -are 



Fio. 435. — Symbols used on maps 
of igneoxiB rocks, a, flow layers, 
strike as plotted (N. 18° E.). dip 25® 
eastward; 6, flow layers, strike N. 
45® W„ dip 60® NE. (dips below 30® 
shown as open triangles; over 30®, 
as solid triangles); e, flow lines, 
trend plotted, pitch 30® nearly 
north; d, horizontal flow lines, trend 
as plotted; e, vertical flow lines; /, 
combination of flow layers and flow 
lines. (After U. S. Geological Sur- 
vey, with some additions by Balk. 
See* Bibliog., Balk, Robert, 1937, 
p. 154.) 



Pia. 436. — Symbols for strata, a, 
strike plotted (N. 10® B.), dip 30®; 6, 
strike plotted (N. 10® E.), dip over- 
turned, 80® These symbols may be 
used with or without the arrowhead. 
In h, the strata have been turned through 
an angle of 100®, t.e., up to 90® and then 
10® beyond the vertical, c, strike east- 
west. dip vertical; d, beds horizontal. 
(After U. B. Geological Survey,) 


used for metamorphic formations known to be of sedimentary 
or of igneous origin. The patterns of each class are printed 
in various colors. With tHe patterns of parallel lines, colors arc 
used to indicate age, a particular color being assigned to each 
system.”^ 

In Figs. 435 to 444 are sketched many of the symbols used on 
maps and sections by the U. S. Geological Survey.* Some of 
those in Pig. 435 are from Balk^s Structural Behavior of Igneous 
Rocks.”* 

^ Geologic folios published by the U. S. Geological Survey. 

• Copied here with permission of the .Director of the Survey. 

* See Bibliog., Balk, RoBBKt, 11937, pp. 154, 155. 
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Nate that symbols that indicate directions of geologic features 
are to be carefully oriented in their correct positions on the map. 
Strike and dip of bedding are represented by a symbol like a 



Fia. 437. — byinbolfl used for a folded Atrata. 
a, general strike and dip of minutely folded 
beds; b, direction of pitch of minor anticline; 
c, same for minor syncline; d, axis of anti- 
cline; e, axle of syucline; /, pitch of axis of 
major anticline; q, same for major syucline; 
h, axis of overturned or recumbent anticline, 
showing direction of inclination of axial sur- 
face; «. same for overturned or recumbent 
sync^ne. (After U. S. Geological Survey.) 


brpad, low T, which is so 
placed that the intersection 
of the two lines is at the point 
for the outcrop on the map. 
The upper line of the T (a, 
Fig. 436) marks the strike, 
and the stem of the T Is 
drawn at right angles to the 
strike, pointing down the dip. 
Sometimes an arrowhead is 
drawn on this dip line to em- 
phasize the direction of dip. 
The angle of dip is recorded 
beside the symbol. In Fig. 
437 are symbols for folds. 
Figure 438 indicates anticlinal 


structure on the west and synclinal structure on the east. Fig- 


ure 439 is more complicated. The folds are overturned, as 


shown in the section. 

The type of rock, also, 
may be shown with the sym- 
bols for strike and dip (Fig. 
440). A second line drawn 
parallel to the strike line, 
close to it and just the other 
side of it from the dip line, 
stands for shale or slate; a 



N 


rimUu- lino mth short ctt« 
lines between it and the 


strike line means limestone; a row of dots parallQl to the strike 


liae, in the same place as the shale line, is for sandstone; and a row 
of small circles signifies conglomerate. 
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Figures 441 to 444 represent symbols used for joints, cleavage, 
schistosity, and faults. On both colored and black-and-white 



SECTION 


Fia. — Map and cro8H Hoctioii of overturned anticline and (lynolinc. ab, in map. Ut 
croHtal line of anticline; ee ie croRn Reotioii of crental siurfaee of anticline; drf ia eection of axial 
Hurface of anticline; and gh ia aection of axial aurfaoe of ayncline. The hook on the axia of the 
anticline and of the ayndine, on the map, denotes overturning of the axial surfaces of these 
two folds, respectively. 

maps faults may be indicated by heavy black lines (a. Fig. 443) 
and boundaries between adjacent areas of different color or 

These fine boundary lines may stand 


Fig. 441. — ^Symbols used for cleav- 
age and schistosity on maps, a, 
strike (long line) and dip (45^ in direc- 
tion (d short lines) erf cleavage of 
slate; b, strike of vertical cleavage of 
Slate; e, horisontal cleavage of slate; 
d, horisontal schistosity or foliation; 
s, strike and dip ci schistosity or 
foliation; /, strike of vertical schis- 
todty or foliation. (After U. 8. 
Cireologteal Survey.) 



pattern by fine black lines. 


SS^( 


Fig. 440. — Symbols for 
rock type combined with 
symbol for dip and strike, 
a, shale or slate; 6, lime- 
stone; e, sandstone; d, 
conglomerate. 


for conformable contacts between adjacent strata, lines of uncon- 
formity, and igneous contacts. A fault line may be drawn full 
where its position is reasonably certain, dotted where it is partly 
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buried or where its location, likewise, is reasonably certain, and 
dashed where its location is less sure (a to d, Fig. 443). 

438. Position of Boundaries between Rock Bodies. — An^al 
mapping consists largely of plotting boundaries. When theses 
have been correctly placed, filling in the spaces with arbitrary 
colors or patterns is a simple matter. Before a line' can be prop- 



ria. 442. — Syinholei u««‘cl for 
jointH. on iiiaiw. a, Nirikc and dip 
of joint; 6, strikp of vertical joint; 
e, horiaontal joint; d, direction of 
linear elementH (Mtriationa, Rroovea, 
or KliokeriHi<lc8) on j' int eurfacea 
and amount of i>it >K of theae 
linear eleinorita on a ortical joint 
aurfuoe. Liiu>ar elctiienta here 


erly located on a map, its position must 
be determined in the field (313, 315, 
316). Some maps represent only 
mantle rock with or without the actual 
outcrops of bedrock; others give the 
distribution of bedrock only, as if the 
overlying d6bris had been entirely re- 
moved; and still others, the most com- 
mon variety, show both bedrock and 
mantle rock, but the latter is indicated 
merely where it is comparatively thick. 

In field work a good deal of trouble 
may be experienced in locating 
boundaries for the second and third 


fAZu‘rs.aSi.Zi^e;:r'- of map. when bedrock only is 

to be shown (second type), the diyision 
lines between rock bodies are often concealed. In this case their 


position may be suggested by the topography. To take examples 
from sedimentary rocks, a weak stratum may form a valley 
between two resistant beds; or a valley may be situated along 
the junction of two strata which are of nearly equal resistance 


U> erosion (270, B, D). Frequently further investigations 
along the general trend of the line may reveal some substantia] 


k(^y to the relations. Provided the boundary between two out- 


crops with parallel strikes is neither visible nor can be closely 
located by the topography, it is usuallj^ drawn halfway between 
these outcrops and parallel to the strikes (Fig. 445). This is 
on the assumption that the beds in the two outcrops are mutually 
conformable. Care must always be taken to avoid errors that 
be occasioned by unconformity or faulting. For rocks 
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of two kinds, having no definite struc- 
ture like bedding, the contact liiu» 
may be put halfway between the 
nearest outcrops, but its trend must be 
determined by correlation with expo- 
sures over an extensive area (Fig. 44fi). 

When the geologist prepares a map 
of the third type, he tries to mark out 
areas where outcrops arc numerous 
and mantle rock is relatively thin and 
discontinuous from areas in which ex- 
posures arc rare or absent and the 
surficial deposits are comparatively 
thick. Such a boundary is purely ar- 
bitrary and is seldom drawn in exactly 
the same way by different geologists. 

439. Relations of Topography to 
Geologic Mapping. — A map is a pro- 
jection of lines and areas upon a hori- 
zontal plane, lines and areas which, in 
reality, are usually distributed over 
an uneven land surface. A line which 
trends without deviation across hills 
and valleys is therefore straight on a 
map; its sinuosities in the vertical 
plane do not appear. On the other 
hand, an irregular line which is entirely 
within a horizontal plane has all its 
bends and angles represented with 
their true shape on a map. When a 
crooked line lies in any plane other 
than one which is vertical or hori- 
zontal, its projection on a map has the 
same number of bends in the same 
relative p>ositions, but the arcs of 
curves are broader and angles'" are more 



Fia. 443. — SymboLs for faults 
on maps, a, known fault; h, 
known fault not accurately 
located; c, hypothetical or doubt- 
ful fault; d, concealed fault (known 
or hypothetical) covered by later 
deposits; e, dip and strike of fault 
surface; /, strike of vertical fault; 
0 , direction of linear elements 
(striation, grooves, sUckensides, 
shown by longer arrow) caused by 
fault movement, and amount of 
pitch of striations on vertical sur- 
face; A, shear sons; i, strike and 
dip of shear sone; j, high-angle 
fault, normal or reverse, with 
upthrow (U) and downthrow <D) 
shown; k, normal fault; I, reverse 
fault; m, relative direction of 
bmisontal movement in shear or 
tear fault, or flaw; n. overtbrust 
low-angle fault, T being the over- 
thrust (overhanging) side; o, 
klippe, or outlier remnant of low- 
ani^e fault plate (T, overthrust 
side); p, window, fenster, or hole 
in overtbrust plate (T, overthrust 
side. (After. U, 8, Geological 
Survey.) 
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Fia. 444. — Byinboiis for faults in sections, a to d, high>ang!e faults; e to j, low-anglo 
faults, a, vertical fault, with principal component of movement vertical; 6, vertical fault 
with horisontal movement, block A moving away from the observer and block T moving 
toward the observer; c, normal fault: d, reverse fault; e, overthrust; /, underthrust; o and h, 
klippeii, or fault outliers; i and j, fenster, windows, or fault inliers. (After U. S. Geological 
Survey.) 



A B 

Fto. 445. — Maps illustratiag the method of locating a concealed bedding contact between 
outcrops of different strata. The boundary is drawn through a, half way between the 
outcrops. 



A B 


Fio. 446. — Maps illustrating the method of locating a concealed irregular boundary. 
In A the dots and crosses represent outcrops of two kinds of rock. On tho left no bound- 
ary is shown; on the right its approximate posiiion is indicated. In B the boundary has 
been completed and the map filW in with symbols for both rocks. 
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obtuse. It follows from this that the rules laid down in Arts. 
163, 174, and 206, with rcfei'ence to the effects of topography on 
the distribution of outcrops must be applied in map construction. 
These rules are repeated below, although in modified form. For 



and in a map of the surface of the block (U). Stippled and blank portions represent two 
rock strata. Figures 449-45 1 are drawn in the same way. 


the sake of simplicity the relations of a surface only are con- 
sidered. The surface may be any kind of geologic contact, i.c., 
th() top or bottom of a stratum, the walls of a vein, an igneous con- 
tact, a surface of unconformity, or a fault. It Ls assumed to Ixj 
flat or nearly so. 



1. If the given surface is horizontal its outcropping edge on 
a hill-and-valley topography will have all the characters of a 
contour; in its directions and curves it will closely correspond to 
the nearest contour lines on the map (Fig. 447). (2) If the 

surface is vertical its outcropping edge will be a straight line on 
a map no matter how ruggisd the topography is (Pig. 448), (3) 
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If the Hurface is inclined, its outcrop will be an irregular line with 
elbow-like bends. In valleys these bends will point upstream 
if the dip is opposed to the slope of the valley bottom (Fig. 




Fia. 450. — Relations of inclineci strata to contours. (See Fig. 447.) 



Fig. 451. — Relations o! inclined strata to contours. (See Fig. 447.) 


449), and they Mdll point downstream if the dip is in the same 
direction as the slope of the valley bottom (Fig. 450), unless the 
dip is less than the slope. In this case, which is rare, the bends 
point upstream (Fig. 451). Note that the apex of the bend in 
valleys falls at the stream ehannel. The more uneven a surface 
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is, the more irregular will be its line of outcrop. Dikes, sills 
veins, and strata, when of approximately uniform thickness, 
may be treated as surfaces if 
they are thin. Otherwise the 
top and bottom, or each of the* 
two walls, must be plotbni 
separately, and the distance 
between the boundary sur- 
fac(is will then vary according 
to the slope (173). 

440. Filling in an Outcrop 
Map of Stratified Rocks. — 

The method of filling in an 
outcrop map of stratified rocks 
may be described with refer- 
(‘n(;e to two cases, according 
as the land surface is level or 
is uneven. In Art. 440 the 
ground is assumed to be level. 

Article 441 deals v ith the 
problem of geologic map con- 
struction where the topogra- 
phy is uneven. 

Let us suppose that the ge- 
ology is to be plotted on the 
outcrop map represented in 
Fig. 452, A. Presumably the 
exposed strata are continuous 
along their strikes beneath the 
soil mantle. Being along the 
same line of strike, d and e 
are probably outcrops of the 
same bed of conglomerate. 

Each of the other outcrops is 
the visible part of a strip of rock that trends parallel to the c-<f 
bed, for all the strikes are hSm parallel (Fig. 462, B). Now, there 
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Fig. 452. — Stages in tbe construction ol a 
geologic map of folded strata which outcrop 
on a level land surface. The croesee in B 
and 0 are in the positions of the outcrops in A. 
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is nothing to show that oonglomorato does not exist hetwc'on tlio c 
strip and the e-d strip, and, accordingly, this area may be marked 
for conglomerate. Similarly, shale probably occupies the space 
between g and h along the strike. It will be observed that then^ 
are irulications of six diffenmt belts of rock, as follows: shale 
on the west, including outcrop a; sandstone next ('ast, including 
outcrop b; then conglomerate, including outcrops c, </, and e; 
then sandstone, /, followed coastward by shale, g and A, and 
finally sandstone, z, at th(^ (wtreine east. By locating the 
boundaries Ix^tween th(‘se belts, as directed in Art. 438, the map 
is completed (Fig. 452, C). 

441* Use of Profile Sections in Geologic Map Construction. — 

Few regions are flat as in the hyi)othetical case just described. 
If the topography is varied, the construction of the gc^ologic 
map is more complicated. An example is chosen here in which 
strikes are regarded as trending across valle 5 ^s, for the relations 
are better brought out in this way. Let n (Fig. 453, A) be an 
outcrop exposing a contact between two strata and imagine that 
this contact is esscuitially flat near the surface of the ground. 
Choose a vertical scale and constnict a profile section through ii 
perpendicular to the strike (Fig. 153, B) (296). The base 
line, of thus section may be drawn on the same sheet of paper 
as the map, but it must be drawn actually perpendicular to the 
strike. Project n upon the profile line of the section n'. From 
n' draw a line, n'-c, westward and downward at an angle of 25® 
to the horizontal, n'-e is the intersection of the plane of the 
section with the bedding contact plane through n. It cuts the 
160-ft. contour level in the section at a, the 140-ft. contour level 
at bf the 120-ft. contour level at c, and the lOO-ft. contour level 
at d. From these four points draw^ lines perpendicular to X-Y 
upward and across the map. Wherever the line from a crosses 
the 160-ft. contour on the map, the bedding contact plane comes 
to tile surface at this point; wherever the line from h crosses the 
140*ft. contour line on the map, the contact plane meets the sur- 
at the level of 140 ft.; and so on. Between these points of 
;^|^r^ction.on the map a curved line, UVWy is drawn, this line 
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being the position of the continuous outcrop of the contact 
plane on the surface of the ground. The line from d doc^s not 
meet the 100-ft. contour because the valley in the middle of 
the map is not deep enough to reach this contact. 
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represcntod in this section, each outcrop is to be separately 
treated as has been explained for n. Figure 453, A, shows 
the distribution of the contacts exposed in the five outcrops. 
Between them the different strata are indicates! by cross-hatching 
and stippling. Hie boundary that runs through o is not con- 
tinuous across the valley, for th(' stream has cut below this 
horizon, entirely n^moving a large part of the overlying bod 
(diagonally lined in Fig. 453, A). 

In ordinary geologic mapping it is not customary to locate 
contacts wil.h su(*h mathematical jirecision unless gr(»at accuracy 
is particularly dc'sirable. After one has gained some familiarity 
with the general c'ffects of toiiography on the distribution of 
outcrops, one can sketch the boundaries l^etwcen strata on a 
(lontour map with suflficient precision without the assistance of 
gcMimetry, provided dips are known and tlu) relief is observed, 
and provided, also, the differc'iit beds in the series have been 
located along several travc'rses. 

442. Nature of the Legend.— The nature of the legend of a 
geologic map is illustratcHl in Fig. 454. The conventional signs 
and colors should be tabulatc'd in a column of small rectangles 
of equal size. On the U, S. Geological Surve^y maps, the signs 
for rocks are above those for such featurc^s as faults, glacial 
strise, lines of section, etc. Igneous and sedimentary rocks, 
metamorphoscMl oi not, are grouped separately, the sediments 
being above. For metamorphic rocks whose origin cannot be 
determined, the signs may be placed under the head Unclassi- 
fied’* below those for igneous rocks. In each group the forma- 
tions are placed in the order of their relative age, youngest being 
at the top. Unconformities, when present, are often noted 
between the symbols for the unconformable formations. The 
geologic, ages are printed beside the column. The h'gend is put 
in the right margin of the map and, if too long, it is continued in 
the left margin (Fig. 454). In this case the left portion really 
belongs below the part in the right margin. 

44S. Reqidt^te Data for a Completed Geologic Map. — A geo- 
Jugic map is incomplete unless it has a legend, a scale, compass 
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l)earing», both magnetic and tnic, and lines of section (446) if any 
geologic* sections have been drawn to accompany this map. It 
must have a name, and the year in which it was made must 
appear somewhere upon it. If it was constructed on a contour 


lGNEot/5 Pocks 




Fig. 464. — ArrannEoment of the legend for a geologic map. The rectaiigleo would be filled 
iiL with the colore or symbola employed on the map. 

base map, the contour interval and datum plane must also be 
recorded. If possible, it should have at least one parallel of 
latitude and one meridian correctly indicated on it. With 
regard to scale, compass bearings, and contours, what was said 
in Arts. 289-291 is applicaHe here. 
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Joint Diagrams and Maps 



444. Methods of Representing the Attitude of Joints. — The 

field geologist should not neglect to study the joints in his area 
of investigation. Not until thc'ir attitiidc\s and relations to one 
unoth(‘r are known can dednetk)ns he made as to their origin. 
Th(\y are an important aid toward the elucidation of structural 
and genetic problems in many kinds of rock formations (213 
to 219; see Fig. 442 for symbols for 
joints). For the larger fracture systems 
it is well to prepare special maps or dia- 
grams to show the dips and strikes of 
the joint sets observed. For each station 
on a traverse the strikes may be plotted 
on a map as a radiating group of lines 
which intersect at the station (Fig. 455). 
Along each line the strike and also, if it is 
desired, the amount and direction of dip 
may be noted. If one wishes graphically 
to represent in a single diagram all the 
joint trends in a region, this may l)e rlone by plotting all the strikes 
about a single center; or the following method may be employed.^ 
Tabulate all the joint strikes in groups of 3° each, beginning at 
the west and passing through north to east. In the first, group 
will be all strikes between N. 90® W. (= E.- W.) and N. 88® W., 
inclusive; in the next group of three, readings from N. 87® W. to 
N. 85® W., inclusive; and so on. Having tabulated the strikes 
in this way, construct a diagram like that in Fig. 456, in which: 
(1) the radii are drawn at intervals of 3®, beginning at the 
west, and thus intercepting segments corresponding to the 
joint groups; (2) the radial distance between the middle and 
inner circles is measured in any convenient unit and is made pro- 
portional to the greatest number of joints falling in any one of the 
groups; (3) the number of joints in each group is recorded between 
the middle and outer circles; (4) the number of joints in each 
, ^ Bibliog., Shalsr, N, 8., 1869, pp. 583-588; and Shbldon, P. 


Fio, 465. — Diagram flhow« 
ing the strikee of joints 
observed on an outcrop. 
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group is graphically shown by blackening the corresponding 
segment inward from tlie middle circ^lc' a distance proportional 
to this number and measured in the chosen unit; and, (5) the 
compass directions are indicated just outside the outer curve. 

Dips may be plotted in like manner; but for this the reader 
is referred to the reports above (uted. Xc^chIU^ss to say, th(' 
attitudes of veins and dikes may 1 k^ illustrat.(‘d by <liagrams 
similar to that above described, if the veins and dikes are com- 
paratively uniform in trend and thickness. 



Fio. 456.— ^Method of plotting the strikes of the joints observed in a given region. (After 

P. Sheldon.) 

Geologic Sections 

446. Definitions and General Nature. — If it were possible to 
make a deep vertical cut in the ground and then remove all the 
soil and rocks on one side of the cut, the other side might stand up 
as a flat vertical wall upon which rock structures and rock 
relationships could be seen in cross section. While incisions of 
this kind are impossible, except for very slight depths, the geol- 
ogist can draw vertical sections of the underground structure 
as he thinks it exists from data obtained from outcrops, artificial 
excavations and bore-hole data (467). Such sections, whether 
actually seen or merely infeixad, are called geologic eectims. 
They depict geologic structure by means of certain conventional 
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lines and patterns or colors, and, thciefur*', like geologic maps, 
they must have a legend. 

The line of intersection of the land surface with the plane of a 
geologic section, as shown on a map, is called a line of section, 
exactly os in the case of profile s<‘ctions (294). 
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For every geologic section one must first make a base sectio7i 
upon which thi^ geologic features may be drawn. This may be a 
profile section, prepared as described in Art. 296, or a simple 
rectangle. The simple rectangular base consists of two hori- 
zontal lines connected by twt) vertical end lines. The lower 
horizontal line corn'spouds in every way to the base line of a 


a 



Fig. 458. — Illustration of tho nature of a geologic section. 


profile section (294). The upper horizontal line is intended to 
represent the intersection of the plane of the section and a hori- 
zontal plane which may be taken at any convenient elevation. 
Tile advantage of the rectangular base section is that it eliminates 
the necessity of plotting the topography; but since it does not 
dfpiet Ihe actual nature of the land surface, it should not be 
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used except where the scale is so small that the relief variations 
would be negligible in a profile section of the same district on the 
same scale (461). 

446. Methods of Indicating Geologic Structure. — Within ihv, 
closed space of a geologic section all lines for faults, conta(*t^, 
unconformities, etc., are drawn full, and between these lines, as 
on a geologic map, the rocks or formations are filled in by con- 
ventional colors or patterns (Fig. 457). It is a common practi(^(^ 
further to indicate th(» geologic stnicture by extending the limis, 
now doited^ beyond the confines of the base section (Fig. 458); 
but observe that the colors (or patterns) for the rocks should be 
restricted to the area of the base section. Above the top line 
of the base section these dotted lin('s stand for the inferred stnic- 
ture of the rocks which have been removed by erosion. Below 
the bottom line such dotted lines represent the structure when? 
it is uncertain on account of its great depth. Note that the 
general characters indicated by the full line for a particjular 
contact should be simply represented by the dotted prolonga- 
tion of the same line (Cf. ah and cd, Fig. 458). 

447. Position of Sections across Folded Strata. — The location 
of a geologic section d(!pends upon the exact features which the 
geologist wishes to emphasize. Ordinarily it is drawn perpen- 
dicular to the strike of stratified rocks, so that it will show their 
true dip. When pitch is to be figured, the section must be drawn 
parallel to the axis, and it is then called an axial section. In 
districts where the bedrock is abundantly exposed, locating a 
section is easy; but if outcrops arc few and scattered, the rocks 
and structures which they reveal must be projected along the 
strike (Fig. 459, B, C). Frequently strikes vary 10® to 15® to 
one side or the other of their average direction. For a large- 
scale section, covering a short distance, it may be important to 
make allowance for these variations; but for a small-scale sec- 
tion they are insignificant if the outcrops are situated relatively 
near the line of section. Experience will soon teach the student 
how to deal with these cases. He must not confuse this indis- 
criminate and slight variation of strikes with a gradual or 
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Hudden, pronounced and regular change in direction. The 
latt(ir phenomenon may be due to a fault, an unconformity, or 
some other important cause. 

To illustrate the relations between the 
trend of a geologic section and the position 
of outcrops and structures, several examples 
are given below. In all the land surface 
is assumed to be horizontal. 

1 . The bedrock is broadly exposed, or the 
outcrops are situated in a row trending per- 

^ pendicular to the strike (Fig. 469, A). 
Draw the section along a line from a to 6. 

2. Outcrops are scattered. Strikes are 
all identical or very nearly so (Fig. 459, B). 
Project the rocks and dips of the several 

^ outcrops along their strikes to points on the 
line ab, which is perpendicular to the strike. 
Thus, the rock exposed at c and the dip of 
the beds at c would be represented in the 
se(;tion at d. 

3. For some reason, not here stated, the 
^ section must be drawn at an acute angle to 
^ the strikes, along such a line as ab in Fig. 

459, C. Project rocks and dips along the 
strikes of the outcrops to points on the line, 
e abj just as in example 2. Since a section 
perpendicular to the strike shows beds with 
^ their maximum inclination or dip, and since, 
in a section parallel to the strike, the beds 
would appear to be horizontal, obviously a 
Fig. 46o.*-Locufion of a scction located between the dip and strike 
Jtratified rwkl!**” *^^***“ directions must show the beds inclined at an 
angle more than O'" aiid less than their true 
dip. In other w’^ords, in cases like the present oiu', a correction 
must be made for the inclination of the beds as this would be 
in the section, and this correction will depend upon the 
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iK’tual dip and upon the angle between the strike and the lino of 
seetion (Appendix XIII). 

4. When strikes vary regularly, as in D and E, Fig. 459, the 
lino of section may be straight, or it may be drawn with 
one or more changes in its direction, cdv, th(' object in this c.as(' 
l)('ing to keep it as nearly as possible perpendicular to the strikes. 
In Fig. 459, D, the curve in the strikes indicates a pitching 
fold. Let us assume that the axis of this fold li(‘S along fg, 
'riie outward dip of the beds shows that the pitch is toward 
< 7 , and, as far as the map reveals, there is every reason to beli(*v(‘ 
that the strata pitch in this same direction at all points along 
the axis. Hence, in geologic sections on ab and ede the b(?ds would 
ai)pt‘ar to be horizontal where ab and ede cross the axis. (Why?) 
The sharp change in strikes in Fig. 459, E, suggests a fault or an 
unconformity, fg^ between the two sets. In either D or E, Fig. 
459, a section along ab would need correction for dips as explained 
for case 3. 

448. Operations Necessary in the Construction of Geologic 
Sections. — The method of constructing geologic sections may be 
treated under four heads: (1) the transfer of data from a map 
to a base section; (2) the correlation, in the section, of rocks 
already correlated in the field; (3) the location of boundaries 
between adjacent strata or formations; and (4) filling in the* 
section. The ccmstruction of a rectangular geologic section will 
be discussed first, and then that of a profile geologic section. 
In both cases we shall consider a region in which all the rocks are 
folded strata. Geologic sections may be enlarged as de^^cribed 
in Art. 296. 

449. Construction of a Rectangular Geologic Section across 
Folded Strata. A. Transfer of Data Recorded on a Map . — lAit 
Fig. 460 be a map of an area in which the relief is relatively low 
as compared with the length of the section to be drawn, xy is 
the line along which the section is to be made. Upon xy project 
the rocks and dips of the outcrops as directed in Ex. 2, Art. 
447y and transfer the points^ intersection, to xy in Fig. 
461, A, At point a, Fig. 461, A, lay oflF a row of dots. inclined 




,an(J It fstands for outcrop a in Fig, 460. Follow the same method 
foy e|teh of the other points, always observing the proper rock and 
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dip to be used. Conglomerate is to be represented by a row of 
small circles parallel to the dip, and shale by a straight line 
parallel to the dip. Figure 461, A, is the result of this work. It 
is well not to make the symbols, i.r., the rows of dots or circles, 
or the lines for shal(‘, (extend more* than a vi^ry short distance down 
from the top of the figure, merely far enough to show the dip. 

B. Correlation of Rocks. — In Fig, 461, A, d and g may 

be connected in a syncline (Fig. 461, B), since they are parts of 
th(' sam(^ bed, a fact which we shall assume* has been as<*(*rtained 
by one or inon^ of tlu* methods of fiedd corredalion m(*n tinned in 
Arts. 177 and 322 . For the^ sam<^ reason, the outcrops of con- 
glomerate at b and c may be drawn as if they had formerly been 
joined in an anticline. The structure, then, indicates a strati- 
graphic sequeruse from conglomerate Ixdow, through sandstone, 
to shale above. 

C. Location of Boundaries. — Tin* location of boundaries 

between strata has been described for maps in Art. 438 . In 
general the map of a region should be complected before the 
sections are made; but if a geologic section is to be plotted 
directly from field notes, location of bedding contacts is deter- 
mined in the same way as in the case of maps. Stratigraphically, 
2 .C., at right angles to the bedding, outcrops a and b (Fig. 461), 
of sandstone and conglomerate, arc nearer than c and e/, also of 
sandstone and conglomerate*. Hence*, the boundary betweccn 
these rocks is placed halfway betwenm a anel b (Fig. 461, C). 
Similarly, the shale-sandstone boundary is locatt'd halfway 
between d and e. Between c and d the sandstone-conglomerate 
contact is placed east of c at such a distance that there shall be 
the same thickness of conglomerate represented between this 
spot and c as there is between b and the sandstone-conglomerate 
contact west of 6. This is because b and c have been proved to 
be at the same stratigraphic horizon (same bed). In like manner 
the position of the shale-sandstone contact is determined between 
/and flf. 

When locating boundaries between strata, always use the most 
accurate infonnation available. Jf a contact is exposed, this 
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contact should be the starting point. From its position other 
boundaries may bo fixed, provided the thickness of each bed is 
known. If no contact is exposed, determine the position of 
the boundary between the nearest outcrops of two adjacent 
strata, and then locate other contacts. 

D. Filling in the Section. — It is now possible to complete 

the section by extending the rock contacts and filling in the 



Fig. 462. — Conatructioii of a profile seologio section. 

inclosed rectangular space with the proper symbols for con- 
glomerate, sandstone, and shale. The boundaries are drawn, as 
full lines in the section and as dotted lines beyond the confines 
of the base section, parallel to the structure shown in the anti- 
cline between b and c and in the syncline between d and g (Fig. 
401, D). The last step is the filling in of the section proper (Fig. 
4(51, E). 

460. Construction of a Profile Geologic Section across Folded 
Strata.— Let Fig, 462, A, he an outcrop contour map of an area 
and suppose that a section is to be made through the line ry 
which marks a cross-strike traverse. A profile base section must 
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bo eoustructod (296). This is illustrated in Vig. 462, B, whoK' 
vw is tho base line which corresponds to xy on the map. Hero 
the points of interstiction of the liiu^ of sc(^tion {xy) with tlu‘ con- 
tours may b(^ ti-ansf erred to vw most conveniently by dropping 
perpendiculars from these points of vw^ it being understood that 
vw has b(H*n drawn equal in length to xy and, like xy, perpc4i- 
dicular to the sti ikes. Just as the intorscTtions of the contours 
w^ith xy are plotted on vw, so also the positions of the outcrops, 



Fio. 463. — Errors resulting from exaggeration of the vertical scale of a geologic section. 
The lower section is drawn to natural scale; the upper section has a vertical scale exaggerated 
three times. The effects of this exaggeration are: (1) to cause the beds at h* to dip out of 
the hillside iristead of into it, as at b, (2) to cause the sandstone at t* to run into the slate at 
h' (Of. 6 and c) ; and (3) to alter the thickness of beds. (Cf especially, the sandstone between 
d' and s' with that between d and e.) 

Qr-e, projected along theur strikes, are located on vw. Tho per- 
pendiculars from the outcrops meet the profile line, si, at the 
proper sites of the outcrops a'-c'. At these points on st the dip 
and rock type are to be correctly indicated (449, A) and then the 
section is to be completed in the manner outlined in Art. 449, 
B-D. 

The vertical and horizontal scales of a geologic section should 
be the same.^ Exaggeration of the vertical scale necessitates 
adjustment of all the dips, and this not only involves a great deal 
of labor but also gives a false notion of the structure. On the 
other hand, if the dips are plotted with their correct values in a 
section with its vertical scale exaggerated, several absurdities 
may result, as illustrated in Fig. 463. How to make a scale for 

^ Five thousand feet to an inch, for the vertical scale, is 6atisfacior>' 
when the horizontal scale is lanik-^4 in.; and- the same may be said of 
multiples of these scales. 
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use iti s(‘ctioii.s wilJi an cxaggeraitMl V(^rtiral scahi lias been 
doseribed by Wentworth.^ 

461. Comparison of Rectangular and Profile Sections. — The 

student should observe that rectangular geologic s(»ctions are 
more or less incorrect except when the land surface is flat and 
horizontal. I'he profile section, drawn to natural scale, is the 
most accurate mode of showing geologic structure. Figure 464 
contrasts the results obtained by projecting the same data upon 
both rectangular and profile sections. Upon a map (notshown) 

are two stations at each of which 
the dip is 30° E. The land 
slopes uniformly 17° W. (Fig. 
464, A). The stations, as pro- 
jected, are at a and h. From 
these points the dip is plotted. 
Measurements indicate that the 
thickness, T, between the beds 
a and h is considerably reduced 
in the rectangular section. It is 
correct in the profile section. 
If the beds were projected down 
their dip to the horizontal level 
repres(mted by the top line of 
Fig. 464, B, they would have a 
breadth of outcrop, cd (Fig. 464, 
A), longer than ab in Fig. 464, B. cd, however, is the correct 
horizontal distance between the beds at the level, cd. Obviously, 
then, profile sections are always to be preferred to rectangular 
sections when actual geologic structure is to be depicted. Rec- 
tangular sections are useful for diagrams of general application, 
such as many used in this book. 

452. Interpretation of Dips in the Construction of Geologic 
Sections. — In many cases after the dips and rock types of folded 
strata have been plotted, the final interpretation of the structure 
requires a good deal of thought. Several variations may be 
> Bibliog., Wentworth, Chester K., 1930. 



Vto, 464. — Errors introduced by the use 
of a rectangular section. A. profile sec- 
tion. and B. rectangular section, of a bed 
whose breadth of outcrop is ab, as projected 
from the map along the lines <u and (v. 



MODES OF GEOUmC ILLUSTRATION 


619 


suggested by the data. In order to assist the student in complel/- 
ing his sections, a number of relations for dipping strata are noted 
below, together with their possible intcrDrctations. In these 
cxample^^ it is assumed that field ob- 
servations on rock type, strike, amount 
and direction of dip, etc., have been 
recorded. Simple symmetrical folds, 
asymmetri(!al and overturned folds, iso- 
clinal folds, and parallel and similar folds, 
are considered. Strikes are regarded as parallel in all outcrops 
unless otherwise stated. 



Kio. 406. — Section of tieds 
with honiocliiial dip. 



Fiu. 400. — Strueturefl inferred fioni otiHervationn on homoelinat dip. The umaU eUmcly 
ruled reotunglc in each diagram correaponds to Fig. 406. 

^A. Observations on Homoclinal Dips. — 1. On a single 

outcrop or on several adjacent exposures the dip is found, to be of 
nearly constant value and in the same direction. There is no 
duplication of beds. Let Fig. 465 be a section of the structure 



Fio. 407. — Structures inferred from observations on beds wtdoh have homoclinal dip and 
which outcrop alternately in normal and reversed order. 

• 

beneath the area examined. Beds with this dip may belong in a 
monocline (Fig. 466, A), or in the limb of an upright anticline or 
83 mcline (Fig. 466, B) or in the limb of an overturned fold (Fig. 
466, C). To determine which interpretation is correct, the 
country must be more ^tehsively investigated aeross the strike 
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and beyond the limits of the original area. In Fig. 466, C, the 
strata are overturned, a fact which may perhaps be ascertained 
by such criteria as have been cited in Art. 166 . 

2. The conditions are similar to those of case 1, hut beds are 
repeated in inverse order as seen in a cross-strike traverse. The 
strata have been duplicatc^d once or several times by isoclinal 
folding (Fig. 467). Obviously, correct interpretation of this 
kind of structure requin\s search for the top and bottom of 
individual strata ( 166 ) and for stratigraphic sequence ( 108 ). 

B. Observations on Dips of Varying Amount and Direc- 
tion. — 1. A bed, which is surely identifiable, is exposed in two 
localities where the strikes are alike and the dips, though equal, arc 



Fio. 468. — Structures inferred from olmervatioriH on dip. The shoit black lines indicate 
the dips as plotted at two outcrops. 

in opposite directions. There are two possibilities: if the dips 
converge downward, the outcropping stratum is probably con- 
tinuous underground as a syncline (Fig. 468, A), and if the .dips 
diverge downward, the bed once extended above the ground as an 
anticline from which erosion has removed the crest (Fig. 468, B). 
Both folds arc symmetrical and the axis is midway between the 
outcrops. This rule for converging and diverging equal dips is 
applicable to all folds except fanfolds. Observe that it is cus- 
tomary to draw the crests and troughs of folds rounded unless 
there is evidence to the contrary, 

2. In two localities two different strata are exposed, one, a, being 
older than the oth^r, b. Dips are about equal in value and are 
in opposite directions. As far as an,y observations reveal, the 
folding is symmetrical. The dips suggest a syncline on the left 
and an anticline on the right, in both A ami B, Fig. 469. The 
axis is nearer the younger exposed bed, b, in synelines and nearer 
older bed, a, in anticlines. In order most accurately to 
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(Ictc^rmine the position of the axis, the thickness, /, of the con- 
cealed beds stratigraphi(*ally between a and b should be computed 

(486). 

3, A a in case 1, under B, above, the same stratum outcrops in 
two loralities, hut here the dips ore unequal and opposite and one 



A Ji 

Fid. 400. — Slnicl iir<*s inftMitMl fi-din (iljs«*rvsiiioiis on dips iii oiiti’roph lahHO'd 

a uiid h. 

of thm is vertical. The fold is asymmetrical, the axial surface 
being incilined, and the axis is nearer the steeper limb (Fig. 470). 
The axis should be placed so that the p(‘rpendicular distanc(»8, t, 
from it to the given bed in each of th(' two limbs are approxi- 
mately equal, unless there is good evidence for ac^tual inequality. 



A B 

Fid. 470. — Stnirtnii inferred from obBervations on dip. Th« Bhort black Unes indicate 
the dipa an plotted at two outcrops. 

As will be explained presently, not all instances of unequal dips 
are to be e,ttributed to asymmetrical folding (see C, below). 

4. The same bed outcrops in tv>o localities, and the dips are 
unequal and in the same direction. Great care should be exer- 
cised in searching for criteria for overturning in the more steeply 
dipping rocks (166). If proof of overturning is forthcoming, 
the folds are overturned or recumbent according to the attitude 
of the axial surface, and the axis is nearer the steeper limb (Fig. 
471); but if the steeper beds have not been turned beyond 90®, 
the structure must be that described in C, 1. 
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6. If available exposures are not of the same bed, but otherwise 
the conditions arc such as were stated in 3 and 4 abovCj the folding 
may be asymmetrieal (see, however, C). As in B, 2, the thick- 



A B 

Fio. 471. — dtrurtures inforied from obBervationa on clip. The short black lines indicate 
the dips as plotted at two outcjrops. 

ness, /, of the conec'ahHl b(»ds sti'atigraphically between a and b 
should be ascertained if ])ossihle (486). Study the diagrams 
carefully (Fig. 472). 



FiQi 472. — Structures inferred from observations on dips recorded at the outcrops labelled 

a and 6. 


6. A succession of strata is exposed^ all inclined in the same 
direciionj but with some variation in the angle of dip. This is a 
phenomenon of frequent oecmrrence, chiefly because beds alre not 
likely to undergo exactly the same amount of tilting when sub- 






Fiq. 473.— -Correct (A) aud incorrect <B) interpretations of structures based upon observa- 
tions on varying dips. 

jectod to the conu)lex forces of deformation. In this case, unless 
there is conclusive evidence to the contrary, the beds should be 
drawn as in 473, A. A mistake too commonly made by 
bef^ners is illustrated in Fig. 473, B, where a curious anomalous 
j^inicture is given for the interpretation of the dip relations. 
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7. The same bed'is exposed in two localities. Dips are opposite 
and equal or unequal. The strata are found to be overturned in 
both localities. The structure is that of a fanfold (Fig. 474). 

C. Studies across Axial Regions. — The student will notice 
that all the diagrams used for this article arc of parallel folding. 



474. — Structuiea iiiffrrt’tl from oV»flervation» on dip. The short black lines indicate 
tho dips as plotted at two outcrops. 


This is because tho major folds in a set of deformed strata are 
apt to be more nearly parallel than similar, for similar folding 
is produced only under extreme compression (167). Figures 
467 and 472 would perhaps be more natural if the folds in them 
were made on the similar pattern. Let us assume, now, that 
we are dealing only with folds of the parallel type. If the 



Fio. 475. — Relatione of eronion 
levels, oo, bb, cc, to folded strata 
where deforiiiation has been 
moderate. 



Fto. 470. — Relations of erosion 
levels, oa, (5* cc, to folded strata 
where deformation baa been 
greater than that shown in 
Fig. 475. 


dips on the limbs arc moderate, the structure may be like that 
sketched in Fig. 475, and, on an erosion surface cut down to 
any level, oa, bb, cc, outcrops in the axial region will show low 
dips or no dip in vertical sections perpendicular to the axis. 
On the other hand, if the compression has been more intense and 
the dips on the limbs are relatively steep, ssrnclines will be 
pinched, or connate, in the upper part of the folded series and 
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Kia. 477.-“ Varia- 
tions in dip (short 
black lines) due to 
position of outcrops 
in a fold. 


anticlines will be carinate in the lower part of the series, whether 
the axial surfaces are upright or inclined (Fig. 476). If agents 
of erosion cut down to a level, aa, outcrops will expose the lowest 
dips in anticlinal axial regions and the steepest dips in synclinal 
axial r(»gions. If the land surface has reached a level, 66, the 
steepest dips will be on the limbs, and the 
lowest dips will be in both synclinal and anti- 
clinal axial regions. And, if erosion has cut 
down to level cc, the steepest dips will be in the 
anticlinal axial regions and the lowest dips in 
the synclinal axial regions. In any of these 
cases the dips recorded on a cross-strike trav- 
erse may look like Fig. 477 when they are 
plotted, but as brought out by the dotted lines, this divergence 
of dip does not signify actual upward fanning of the strata. The 
stratification surfac^es may still be parallel. 

When the folds arc even closer, the carinate crests of the anti- 
clines may overlap the carinate troughs of the synclines (Fig. 
478). Then, although erosion surfaces at aa and cc will be the 
same as in Fig. 476, at any erosion 
level in the middle belt, 66, both 
anticlines and synclines will be 
pinched. With the extremely close 
compression of iscKdinal folding there 
may be no overlap of the carinate axial 
parts of the folds (Fig. 467). 

463. Sections across Igneous Bodies. 

If a dike is to be the principal feature 
in a section, the latter is drawn perpen- 
dicular to the strike of the dike. More commonly, dikes are inci- 
dental phenomena in a section of a sedimentary formation or of a 
larger igneous body, and in this event they may lie in various 
positions with respect to the trend of the section. Corrections 
for their inclinations, as represented in the sections, may then be 
necessary (Appendix XIII). Sills are treated like strata. A 
section through a laccolith or a chonolith is made preferably in 



Fig. 478. — Relatione of erosion 
levels, aa, bb, cc, to folded strata 
where deformation has been more 
intense than that shown in 
Fig. 476. 
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the plane of the dip of the basal contact. A section a(*ross a 
rock complex, such as is seen in the case of many of the larger 
intrusive bodies (batholiths, etc.) and their associated country 
rocks, may be oriented so that it will cut certain rocks, but 
generally without fixed relations to their boundaries. 

As a rule one may safely infer that the nature of an igneous 
contact, as indeed, of any other gec^logic contacts, is similar in 
all directions, i.c., that the features to be shown in its se(‘-tion an^ 
probably like those exposed in its horizontal, or nearly horizontal, 
outcrop. Hence, the details observed on rock exposures of 
contacts may often be drawn in the same general manner, whether 





Fi( 4. 479. — M<>thod of representing faults and faulted structures in a geologic section. 

on a map or in a vertical section (Cf. the different sections shown 
in Figs. 80 and 83). 

4M. Vertical Sections of Faults. — A section across a fault 
should be made as nearly as possible at right angles to the 
strike of the fault. For a dip-slip fault such a section gives 
the actual displacement; for all others, any displacement in the 
diagram is a rectangular component of the net slip. If thf? sec- 
tion is not perpendicular to the fault strike, the inclination of the 
fault must be corrected (Appendix XIII). 

In a geologic section a fault is represented by a heavy line, 
full within the base section and dotted (or dashed) above and 
below the base section (Fig. 479). On each side of the line, 
preferably just outside of the base section, a small arrow should 
be drawn to show the relative direction of displacement of the 
blocks. The structures (bedding, igneous contacts, etc.) in the 
fault blocks, if indicated above the base section, should be drawn 
in dotted lines to^the pcRSlttmis which they are imagined to have 
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ha(l against tlio dot tod (or dashed) part of the fault lino, after 
faulting f hut before (nmon cut them down to th(» present lev(»l of 
the land suifaee (Fig. 479) (Cf. Arts. 179 and 470). 

Th(‘ coiistruftion of difficult fault problems may be simplified 
by sketching on scrap i)a[)er a s(*ction of the rocks before' the 
elisplacement, cutting the ]>ai)<T along the line' of the fault, and 
shifting the piece's along this cut until the locks and structure's 
are in their prc'se'nt relatie)ns. 

466. Requisite Data for a Completed Geologic Section. — No 

ge'ole)gic s('ctie)n e)f e'xisting structure's is ce)mplcte which is not 
uerompanieel by a le'ge'iiel, ve'rtie*al anel horizontal scales, and some 
indie'ation of its dire'e'tiem. With reference to scales, see Art. 
294. The dire'e*tie)n of a section may be shown by labelling its 
('lids with the' p!e)pe'r pe)ints of the compass, or by stating that it is 
drawn loe)king in such anel such a elirectiem^ or by labelling its 
ends by le'tte'rs or by numbe'is which are also placed at the eor- 
responeling enels of its line e)f sc'ctiem on the map. A common 
error ejf beginners is te) mark the te)p and be)ttom of a sectie)n by 
pe>ints of the' ceimpass, an impe)ssiblc condition since all sections 
are vertical and all compass directions are horizontal. 

Stkuc’tuhk Contour Maps* 

466. Nature of Structure Contour Maps.-- Most geologic sec- 
tions of stratifieel re)e'ks are far from being accurate in the infor- 
mation which they ce)nve'y of the thickness and depth of the 
individual layers. They are usually diagrammatic inferences 
based on such scattered facts as can be assembled from the obser- 
vation of outcrops and from bore-hole and mine records. When 
su(*h sources of information are especially abundant and reliable, 
the folds may be indicated by structure contour maps betlei 
than by gc'ologic sections. A siriicture contour map (Fig. 480), 
like a topographic contour map, depicts the configuration of a 

^ Common prai'ti^' \» to draw east-west st'otioiis looking north (east end 
on right) and north-south sections looking west (north end on right). 

* 8se nliM) Art . 461 on Subsurface Maps. 
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Fio. 480 .— Struotute contour map of the Amity » Brownsville, Waynesburt, and Mason- 
town quadransles. Penn. Axes of folds are indicated by dashed lines. The contours are 
lines of equal elevation of the base of the Pittsburgh coal bed above mean sea level. Contour 
interval, 00 ft. (After F. G. Qapp.) 
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surface by lines of equal elevation, generally referred to mean 
sea level as the datum plane. These lines are the intersections 
of the surface with a series of equally spaced horizontal planes, 
the vertical distance betwwn any two adjacent planes being 
known Jis th(» contour int(‘rval. For a shallow structure con- 
tour map the surface chos(‘n is that of the top or bottom of some 
bed which is (easily r(»cogniz(‘d, is j)ersistent over large areas, has 
not suffered much erosion, and is not too far below the land sur- 
fa(J(^ The elevation of this key horizon, as it is called, above mean 
sea level is obtained in the field at as many points as possible, 
both at actual outcrops and from the records of drill holes, and 
the data an* plotted at the several stations on a base map. Some- 
times it is iK^cessary to secure these elevations by adding to or 
subtracting from ilie ek^vatioiis of outcrops of other known 
Ix^ds, but this method is liabh' to error on account of the possible 
\'ariations in thickness of the int(TV(ming strata ( 88 , 89 ). For 
a (k?ep structure contour map, th(' key horizon is again the top 
or bottom of some* recognizable bed, but the data used come 
from subsurface geology (461 to 464 ). 

To illustrate the method of drawing a structure contour map, 
let Fig, 481 represent a chart of the stations examined and plotted 
in the field. At stations to the left of the dashed line, S7\ eleva- 
tions were detonnined on the chosen key horizon. At sta'tiona 
to the right of this line, ST, elevations were found on a bed 
30 ft. above the key horizon, so that 30 ft. must be subtracted 
fit)m each of these quantities to obtain elevations on the key 
horizon. In Fig. 482 this subtraction has been done. On the 
assumption that a 10-ft. contour interval wdll be satisfactory, 
we may start by drawing a line through a, midway between b and 
c, through d, H way from c to/, 3^ w’ay from g to h, just south of 
i, and so on. This will be the 520-ft. contour line. In the 
same way the other contours may be drawn, either through 
stations having these elevations, or interjsolated between stations 
of higher and lower elevations. 

In Fig, 482 the 660- and 570-ft. contours are closed, repre- 
^^iting a dome, A'; and the 470-ft. contour Is closed to indicate 
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a structural basin, J5'. Note the dosed basin contours arc 
hachured. 

As regards the accuracy of those maps, the steeper the dip of the 
strata and the less reliable and less numerous th(' availabl(» data, 
the greater is the chance for mistake in placing the struclurti 
contours. There are often places where generalization is a neces- 



Fiti. 481. — Map of flrvatioiiH detcTiiiinf*d at seattfred statlonH on two outrropptiiK IkmIm. 

(See text.) 


sity, simply because the facts arc too few. The more doubtful 
contours on a map should be dashed (Fig, 493). The contour 
interval is selected with a value such that it is not less than the 
limit of error for the district, “For example, if over a given 
area the elevation of’^ the key horizon “was determined to an 
accuracy of within 50 ft., it would be useless to att<?mpt to draw 
contours with a 25-ft. interval. Moreover, such a representation 
would be misleading to the reader, who would be led to believe 
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that the elevation at any given point was accurate within 26 ft., 
which would not be the case.'’^ 

The intcTHc^ction of a structure contour with a topographic 
contour of the same (‘levation marks a point on 'the outcrop of 
the key horizon. Where the land surface is higher than the key 



Fio. 482. — Contour map drawn on the basis of the data shown in Fig. 481 . The contours 
represent an anticlinal closure or dome at A'\ a synclinal closure or structural basin at J?'; 
an anticlinal none with its axis along E*F'\ a synclinal bowing or "chute"’ with its axis 
along Q*W\ a monocliiial flexure at C'D*\ and a structural terrace at iV'. 

horizon, the approximate depth of the latter below the ground 
surface may be found by subtracting the elevation of the structure 
contour from that of the topographic contour at that place. 
When the land is lower than the key horizon, the latter has been 
emded away and the structure contours indicate its probable 
former position. In this case they w'ould better be dotted. 

If one wants to ascertain the depth of some horizon other than 
‘ Bibliog., Clapp, F. G., pp. 37, 38. 

/ * Johnson, K. H., and L, G. Huntlby, “Principles of Oil and Gas Produc- 

p. 65. 
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ihiii (Ju)S('u for th(^ kvy^ oiu? must first know tho thickni^ss of 
the beds between the two horizons. Thus, in Fig. 483, dc is 
the key horizon, parallel to the bedding, c is a point of which the 
depth, /c, below the surface of the ground, 
gfhj may be determined on the structure 
contour map, and b is a point vertically 
below c in a horizon, eb, with a thickness 
of intervening beds equal to ah. The nv 
cpiired quantity, cby can be obtained by 
solution of the right triangle abc in which 
ab and the angle acb are known. 

Well Logs 

467. Definition. — When a deep hole is 
drilled into the ground, a record of the 
rocks penetrated is usuall 3 ’^ kept by the 
driller or by the field geologist. Such a 
record is called a log. Tt may be made up in writuui or typ(‘- 
written form, as shown b<4ow, or it may be plottcul graphically 
to scale (Figs. 484, 485). In the laboratory a more detaile<l 
log Is made of the same well, showing any data, discovered in the 
sarpple^, pertaining to paleontology, lithology, ('tc. 

Observe that every well log should have recorded on it the 
name of the locality or property where the well was drilled, the 
Example of a Well Log 

State — Texas. County — Stephens. File number — 6,83(5 

Owner — XXXX Company. Farm — T. S. Hatch. Well number— 2. 

Location of Farm — Lot number XX, Survey. 

Location of well — 500 ft. fmm east line; 500 ft. from south line. 

Casing record: set 18 in, . . 15J^ in., 615 ft.; i2}4 in., 1,310 ft.; 10 in., 
2,020ft.; 8M in., 2,425 ft.; 6% in,, 3,075 ft.; 5?i6 in., 

Pulled 18 in. ... ; 15M in., 615 ft.; 12H in., 1,310 ft.; 10 in., 2,020 

in.; in., ; 6^6 in., 

Production: initial, 154 bbl.; settled, ; after shot, 760 bbl.; shot 

from 3,200-3,260 ft.; shot with 200 qts. 

Total depth, 3,260 ft. Elevation, 1,245 ft. 

Remarks: 2,425 ft. of 8K,in.^and 3,075 ft. of 65i in. casing left in hole. 

Drilling iK^gan 8/27/20. Drilling completed 11/22/20. 



I'ln. 483. — vertical ser- 
tiou to illustiate the 
method of computiiiK the 
depth of a horizon below 
the key horizon of a Htriic- 
lure contour map. 
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DniLiiKit’s Log {Coni, from p. 631) 


Formation 


Clay 

Clay 

Blue mud 

Blue shale 

Brown lime 

Brown shale 

White lime 

Dark sand 

White lime 

Blue shale 

Broken lime 

Brown shale 

Lime 

Shale 

White lime 

Brown shale 

White lime . . 

Brown shale 

Lime 

Shale 

White lime 

Brown shale 

Gray lime 

White lime 

Black shale 

Gray sand 

Blue shale 

White lime 

Brown shale 

White lime 

Brown shale 

Gray lime 

White sand 

White lime 

Soft gray Unie 

Brown snale 

Gray sand 

Dark shale 

Lime 

Gray aand 

Lime 

White shale 

Gray and white shale . 

Gray lime 

Wlute sand 

Gray sand 

Blue shale 

Brown shale 

Blue shale 

Gray sand 

Brown shale 

Blue mud 

Wliite sand 

Brown shale 

Blue shale 

White sand 

Sandy shale 

Blue shale 

Hard lime 

Blaek date 

Blaok Kme 

Brownlima 

Ofaylime 


Top 

1 

Bottom 

Uemarks 

00 

15 


15 

30 


30 

115 


115 

210 


210 

225 


225 

345 


345 

300 


300 

410 

Water 

410 

425 


425 

460 


460 

478 


478 

595 


505 

605 


605 

630 


630 

740 


740 

765 


760 

805 


805 

1,005 


1,005 

1,046 


1,045 1 

1.060 


1.060 1 

1,115 


1,115 

1,126 


1,125 

1,170 


1,170 

1,105 


1,105 

1.223 


1.223 

1,275 

Water 

1,275 

1,310 


1,310 

1,325 


1,325 

1,500 


1.500 

1.525 


1,625 

1,700 


1,700 

1,750 


1,760 

1,765 

Water 

1,755 

1,705 


1,785 

1.790 


1.790 

1,980 


1,080 

1,990 

Hole full of water 

1,000 

1,995 


1,005 

2,000 


2,000 

2,020 


2,020 

2.035 


2,035 

2,105 


2,105 

2,315 


2,315 

2,325 


2,325 

2,330 

Water. Gas show 

2,330 

' 2,425 


2,425 

2.530 


2,530 

2,600 


2,600 

2,630 


2,630 

2,645 

Water 

2,645 

2.735 


2,736 

2,752 


2,752 

2,785 

Water 

2,785 

2,900 


2,900 

2,950 


2,950 

2,960 

Dry 

2,060 

3,055 


3,056 

3,076 


3,075 

3,080 


3,080 

3,200 


3,200 

3,210 

Steel line measure, 3,220 top black lime 

8,280 

3,245 


3,245 

3,2^ 



8,260 

Total depth 






MOPES OF GEOUXMC ILLVSTR AVION 


633 


iiaino of the organization which drilled the well, the elevation of 
the mouth of the well above sea level, the method of drilling, 



Fiu. 484.-- llluHtuitioii of two typen of log form iiN«d for plotting well lecordH. Thai on 
the left (A) is used for sectionised country and that on the right (B) for regions which are 
not sectionised (Appendix VII). In these forms, "S” staitds for '‘section;" “T" for town- 
ship;" "R" for "range;” "No." for "well number;" "Elev." for "elevation" of the mouth 
of the well above sea level; and "Prod." for "initial production." The vertical scale is 1 
in. «• 100 ft. in the original form. 

depths of casing seats, positions where the formation caved, 
positions of water sands, oil or gas sands, etc. 

In plotting a graphic log, various symbols fir colors are used 
for the different rocks. Colors are better, since they stand out 
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Fio. 486. — ^Lowf'r pcvtimt of 
» plotted wi41 rofeord ahowinji 
method of ivoordinic data on 
kite log f’trm. 


in greater contrast. For Koclinientary 
rocks, th(‘ writer has found the following 
color scheme satisfactory : conglomerate, 
gravel, sandstone, or sand, y(»llow; shale, 
slate, clay, gumbo, and similar materials, 
blank; red shal(‘, clay, or slate, red; 
limestone, chalk, and dolomite, blue; 
coal or peat, black. The sea level liiu' 
sliould be drawn in its proper position 
across the log (P'ig. 488). 

Many varieties of printed log form are 
in use. In our experiencf* the most con- 
venient form is prepared as shown in 
P^ig. 484. Here A is for sectionized 
country and B is for unseet ionized 
country (Appendix VII). This outline 
is printed on heavy paper of good qual- 
ity. The scale is 1(K) ft. = I in. The 
paper is about 2 in. wide. It should be 
long enough to plot a log of an average 
deep well. For an exceptionally dee]) 
hole, an extra strip may be gliu'd at the 
bottom of a blank log form. 

468. Correlation of Logs.— The cor- 
relation of logs involvt's the matching of 
plotted graphic records of two or more 
drilled holes, witli a view to e\stablishing 
the identity of the formations penetrated 
in these holes, fhe following two 
methods of correlation are frequently 
practiced. 

1 . I^et A to X, Fig, 486, represent the 
locations of several wiills of which the 
ground elevations are known. Plot the 
logs graphically and then place them, side 
by side, as close together as possible*, in 
such a way that their sea-level lines (467) 
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tiro opposite^ (Fig. 487). Their order should not be seleetrod at 
random, but should be chosen, according to the distribution of the 
wells in the field, with the object of placing together the logs of 
adjacent wells and of wells probably along the same line of strike. 
The sequence may often be one that a person might follow in 
going from well to well, provided no obstacles were in his way. 
Thus, here the order is 4, i?, C, etc. to K. Any scattered 
arrangement, such as A, J, C, G, etc., would be highly 
inadvisable. 



Viii. 48(^. — Chart ahowiiig location of wells used in plotting structure illustrated in Fig. 498w 

Having placed the logs in this order, they may be shifted a 
little up or down until they match. If they do not exactly 
match — and they probably will not — they may be lined up either 
on the top or bottom of a definite bed (Fig. 488), or on the best 
average position for some bed or group of beds (Fig. 489). In 
the former case, the horizon on which the logs are correlated 
(matched) (ST, Fig. 488) may be adopted as a key horizon for 
making a subsurface map ( 461 ). In the latter case, an arbitrary 
line may be drawn horizontally across the logs and used as 
the key horizon (SS', Fig. 489). In matching the geologist 
will do well to remember that sharp and distinct changes in the 
hardness of rocks, either from hard to soft or vice versa, cure more 
likely to be detected, an4. therefore correctly reportedy by the 
driller than any other variations in materials. 
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2. Ill tlio s^M'ond inriliod of corrc^lation the lo>i;s arc arraiiKi^il 
with their sca-lcvcl lines all along a horizontal liin^^nd th(‘y are 
spaced according to a chosen horizontal scale. ''Fhey may be 
thumb-tacked on to a shc('t of heaver board or on to a draught- 
ing table. The horizontal scale may bo considerably smaller 
than the v(‘rtical scah^ of the logs, since too great a horizontal 
scale would require too much room. This method of arranging 
the logs on a horizontal scale facilitates their correlation in that 
strata may be projected from log to log along the inferred or 
known dips. Thus, in Fig. 490, £, F, and G are sufficiently 
close to one another for the gcndogist to be reasonably certain 
that bed a is the same in each. That a in log I is this same bed 
is indicated l)y th(‘ general flattening of the dip toward /, as 
shown by tlu* liiu^ drawn on the base of a through £, F, and 
G. Observe that logs an* uscid only of w(41s that lie along straight 
lines, or nearly straight lines, in the field. 

This method is of value*, chiefly where the wells are fairly close 
to one anoth(‘r. It canr\ot saf(4y be applied to widely scattered 
wells. In producing oil fields, it is often used in constructing 
gc^ologic sections. For a subsurface structure contour map, the 
top or bottom of some easily recognized bed— -frequently the pay 
sand in oil and gas wells-- -may be taken as the key horizon 
( 462 ). 

In difficult problems of correlation, both of the methods above 
described may have to be used, first one and then the other. 

All correlation work »vith logs is subject to errors which should 
be understood and eliminated as far as possible. Certain 
important sources of error are these: 

1. The elevations determined for the mouths of the wells may 
be more or less in error on account of inaccurate or careless instru** 
mental work, or because they were found by individuals repre- 
senting different companies and using different instrumental 
methods or different reference points. 

2. Misunderstanding of driller’s terms for rocks, and failure to 
appreciate the difference between cable-tool records and rotary 
records, may lead to misinterpretation of the logs. 
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3. Errors may be made in measuring, and therefore in record- 
ing, the depths of points in the hole. Iliese imiy be caused by 
failure to make steel-line measurements, or by actual mistakes in 
measuring, or by the use of different st(‘el lines for successive 
m(‘asurements. Great care is always ni‘cessary in these measure- 
ments of depth. The length of cabl(» or drill stem extending 
down to any imi)ortant point in the hole should be compared wit h 
th(‘ n'cord obtained by the steel line to this point. Measurement 
of depth is often made as part of thb operation of electri<;al 
logging (430, 459). 

4. Mistakes often cn^ep into the written logs in copying and 
recopying them. 

The methods of correlating logs, as discussed above, apply more 
especially to drilh'rs^ logs or to logs in which there is some latitudi* 
for interpretation, because of the scarcity or uncertainty of scien- 
tific data. If accurate determination of one or more horizons is 
possible, there is no necessity for shifting the logs up and down to 
select an average position for correlation. If the stratigraphic 
interval between any two definite beds (hanges across the area, 
a subsurface map on each may be advisable (463). 

469. Electrical Logs for Correlation. — As we have explained 
in Art. 430, electrical surveying of bore-holes has a decided 
advantage over former methods of logging, since it permits more 
accurate determination of the points where changes in lithology 
occur. Electrical logs more surely indicate the positions of the 
tops and bottoms of strata — points, in other words, that may be 
used in correlation. However, we want to make clear the fact 
that, even where these logs arc employed as the main basis for 
correlation, this cannot be done to the complete exclusion of 
lithological and paleontological data from each hole; for w'e 
must have knowledge of what the rocks arc and what fossils 
they contain before we can have a satisfactory understanding of 
the subsurface geology. 

Figure 491 illustrates the use of electrical logs in correlation. 
These logs are arranged in^the actual field relations of the wells 
that they represent and on a horizontal scale here equal to one- 




Fia. 491. — Correlation of electrical logs. These are logs of wells in south Texas. (See text.) 
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fifth the vertical scale. Only the lower part of each log is shown, 
beginning at a subsea d^pth of Sjt'iOO ft. Depths from the sur- 
face of the ground, in each well, are indicated in the middle part 
of each log — 40 meaning 4,000, 50 meaning 5,000, etc. The 
dashed lines (a, 5, etc.) are correlation lines connecting, as nearly 
as possible, horizons that seem to be the same, from well to well. 
In making these correlations, the geologist first laid his electrical 
logs close together so that corresponding peaks and depres- 
sions in the self-potential and resistivity curves ( 430 ) could be 
more easily measured. (This is like the method of correlating 
lithologic logs, described under 1, Art. 458 .) The capital letters 
D and H mark the highest points at whic^h certain fossils, usually 
regarded as determinative, were recorded from examination 
of samples. Matching of key horizons across the logs, wh(»n 
properly arranged to scale (as in Fig. 491) reveals the presences 
of a fault that cuts well 2 between c and /. Tliis fault has its 
downthrow on the west. Its angle of dip is such that it does not 
cut holes I and 3 within the depths represented in the diagram. 

Careful study of this section (Fig. 491) njveals these facts: 

1. There are several distinct porous zones, here sand (strong 
negative anomaly in self-potential curve), and these, for the most 
part, contain salt water (low resistivity). 

2. ^ One sand contains oil (high resistivity), and the oil in this 
sand is banked up against the fault (cutting hole 2) that has its 
downthrow on the updip side of the regional eastward dip of 
the strata. 

3. Between the sands are shales (low porosity) that, no doubt, 
contain saline water (low resistivity) in their fine pore spaceji. 

4. The heavy sand, indicated by the high porosity curve in 
hole 6 between depths of 3,900 and 4,250 ft., thins westward 
(holes 4, 3, 2, 1), and becomes less porous and more broken by 
shales eastward (holes 6 and 7). 

5. The two sand zones ac and dc, conspicuous in holes 3, 
4, and 5, seem to merge into a less porous but thicker sandy zone 
eastward to hole 7; the shale break cd thins eastward. 

6. There is a notable thinning of sand de from hole 6 westward 
to hole !• 
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7. Sand de is cut out by tho fault in hole 2. 

8. Tho stratigraphic s(;ction as a whole, from the upper dashed 
line in hole 4 (at about 3,760 ft. depth) to line/, thickens eastward 
from 1,850 ft. to 2,200 ft.; in other words, it thickens 360 ft. in a 
distance of a little less than 5 miles. 



Fia. 492. — Correlation of gamma-ray (radioactivity) logs from four wells in Oklahoma. 
Wells 1 and 2 were leas than mile apart; 3 is miles from 2; and 4 is mile from 3. ab, 
base of Glenn aaiidatone; ed, base of lower Booch aandatone; ef, unnamed shale layer; gh, 
top of Chattanooga shale (Cf. Fig. 430). Note that shale gives a relatively high reading (to 
right) and sandstone a relatively low reading (to left). (Published with permission of Well 
Surve 3 r 8 , Inc., of Tulsa. Okla.) 


9. The first appearance of diagnostic fossils (D, H) is rather 
theoretical, due to poor sampling, lag in returns, etc., so that, 
certainly in this region, correlation of fossils, even if assisted 
by study of lithology, would probably give an incorrect picture 
of stratigraphic and structural conditions. The electrical logs 
greatly assist in checking the geologic data. 
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460. Radioactivity in Correlation.— As pointed out in Art. 

433, a new (in 1940) method of eorrelating formations penetrated 
in drilling, by measurement of th(‘ir radioaetivity, gives promise 
of valuable application, especially in holes already eased and 
therefore not available for the usual methods of sampling and 
electrical logging. We merely call attention to this method lunis 
pi'esenting Fig. 492 as an illustration of the correlation of forma- 
tions by radioactivity in four cased holies. 

Subsurface Maps 

461. Definition. — The kind of structure contour map described 
in Art. 456 is constructiid largely from data sec.urcHl at. or near 
the carth^s surface. Outcropping strata furnish most of the 
evidences A structure map contoured on some dc^ep-lying key 
horizon, elevations on which hav(^ been obtained from well logs 
or mine records, is known as a subsurface map, 

462. Construction. — In Art. 468 we have briefly described 
methods of correlating well logs and selecting a key horizon 
for a subsurface map. Having chosen the key horizon, its 
('Icvatioii, in reference to sea level as datum, is to be found for 
('ach well by algebraically subtracting its depth from the elevation 
of the mouth of the w(41. Thus, if the key bed is at a depth of 
800 ft. in a well which has a ground elevation of 1,000 ft., the 
elevation of the key horizon is 1,0(X) ft. — 800 ft. = 200 ft. If 
the key bed is found at a depth of 1,300 ft. in a well with a 
ground elevation of 1,000 ft., the elevation of the key horizon is 
1,000 ft. — 1,300 ft. = —300 ft., or 300 ft. below sea level. The 
elevation of ‘the key horizon is determined in this manner for all 
the wells in the area to be mapped, and these elevations arc 
recorded on the map sheet in their proper placei^. A contour 
interval is chosen large enough to be somewhat greater than 
the probable error involved in the correlation of the logs, and the 
contours are drawn as explained in Art. 466. The completed map 
should have a title, legend, scale, etc., just as in the case of an 
ordinary surface structure contour map. 
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III oil firUIs, wlu‘r(^ vvc'lls aro being <lrill(‘il in fairly (dose prox- 
imity to oiKi anothcir, it is often dc^sirable to make one or more 
preliminary subsurface maps from data obtainable from the 
wells during the progr(\ss of th(^ drilling. Naturally such maps 
are; likely to be som(;what in (»rror on account of the incomplete- 
ness of the well logs. To illustrate the difference between a pre- 
liminary map and a final map of a given area, we have prepared 
Fig. 493, in whi(;h A has be(;n plottcid on elevations determined 



Flo. 493. — Structure contour maps of the area shown in Fig. 486. A, pteliminary inter- 
pretation based on correlation of Fig. 489. (Cuiiluuis aie abnvc; ht>A leirel. Key horizon is 
SS' of Fig. 489.) B, final interpretation based on correlation of Fig. 4S8. (Contours are 
below sea level. Kev horizon is ST in Fig. 488.) 

by the corrtdation of Fig. 489 and B on the elevations derived 
from the correlation of Fig. 488. Note that the structure is 
essentially the same in both maps, although the form of the 
contours varies a little. Map A would certainly be of value for 
choosing locations for new \vells bc^fore all the wells shown on this 
map had reached the oil pay. 

When the contours of a subsurface map are above sea level 
they are positive^ and when they are below sea level they arc 
negative. A map with positive contours has the greater contour 
numbers on the higher parts of the structure, whereas a map 
consisting of negative contoum has the greater contour numbers 
on the lower parts of the structure (Fig. 493). Since the latter 
typ^ of map is a little difficult for some people to read and under- 
standf and since it may give a false impression of the structure 
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shown unless care is taken to ascertain whether th(' contours arc' 
positive or negative, some geologists prefer to raise the datum 
plane of a map to such a height above sea level that all the con- 
tours will be positive. Thus, if the lowest contour on the map 
is 850 ft. below sc'a level, the datum plane might be placed at 
1,000 ft. below sea Ic'vel, and then the negative 850-ft. contour 
w^ould become a positive J50-ft. contour, and all the other (Con- 
tours would be raised accordingly. That an arbitrary datum 
has bec'ii taken in this manner must, of course', be clearly stated 
on the' map. 

In the writer's opinion this practices should bec disccouraged, 
for, although it simplifies the mere reading of thc' map, it greatly 
increases the time and labor incurred in making the calculations 
of depth, etc., based on the map. In the long run, the most prac- 
ticable map is the one constructed on sea levc'l as datum whether 
the contoui’s are positive or negative. 

In constructing Fig. 493, the contours were spaced essentially 
in mathematical relations to the eh^vation points rcconh^d on tlie 
map. This is called mechanical contouring,^ Wh('n then^ arcj 
numerous well-scattered elevation points, this mc'thod is fairly 
satisfactory, but if such points are few, the insulting contouring 
may be unreasonable, and even absurd, perhaps (entirely out of 
accorti with the known structural trends and forms of thc^ region. 
Under these circumstances, the geologist must use his imagina- 
tion, guided by his knowledge of thc prevailing conditions. To 
illustrate these relations, Fig. 494, A to D have been drawn. 
Figure 494, A, represents a mechanical contouring of the data 
plotted at 12 stations. Figure 453, B, shows another contour 
map, based on thc same data, but with the contours drawn more 
nearly parallel, and in a form suggestive of the known type and 
alignment of other structures in the district. This is termed 
parallel contouring. Figure 494, C, and D, again, are based on 
the same data as Fig. 494, A and B, and also, as in Fig. 494, B, 
the trend of the structures is made to conform with known trends 
of the region ; but here the contours are spaced equally, the dis- 

1 Bibliog., Rbitgsr, R. E., 1929. 
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taiice between contours being determined by the spacing where 
most data are available. This is called equispaced contouring.^ 
A significant effect of ecjuispaecd contouring is the building of 



FIG.C F^G.D 


Fig. 4U4. — Four interpretations of subsurface strticture, all based on the same data 
obtained from the same wells. On each map the elevation of the key bed is Riven at the 
location of all wells. In A, the spacing is mathematic.ally determined: in B, although pro- 
portionate spacing between wells controls the contouring for the most part, some latitude of 
interpretation has becui empIoye<l in order to make the form of the structure look a little 
more reasonable. In C and D, cHptal spacing of contours has governed, the assumption 
being m^de that dips are every whcie essentially equal, which of course is unwarranted. 
Note that in both C and D, certain anticlines (o, 6, c) and synclines (i> appear, whereas 
they are entirely absent in A and B. Contouring such as that done in C and D is not justi- 
fied, and should be discouraged. 

structures — sometimes very proroincut structures — lor which 
there is no real justification. Indeed the method is founded on 
the unsound premise that all the dips in the area mapped are 
^ BibUog., Rettoer, R. E.^ 1929. 
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equal, which, of course, is almost certainly not the case. We 
believe that, although this type of <H)ntouring may occasionally 
repn'.sent conditions which are nearly true, as may subsequently 
be discovered by further accumulation of data, nevertheless it 
is not proper, especially in commercial mapping. sin<*e it has a dis- 
tinct tendency to yield false impressions of structure and induce 
unwarranted (‘xpenditures of money. If such maps are made and 
utilized, th(‘y should by all mt'ans b<? accompanicHl by a statement 
clarifying their meaning and pointing out those f(‘atures which 
may be exaggerated or untrue. 

On the other hand, parallel contouring is justified, for it is 
founded directly and indirectly on facts. It is recognized as 
representing the best that a geologist can do whim attempting to 
contour on relatively few data. In any event, a contour map 
must be read and interpreted with an open mind, for n(*w data 
may lieoessitate altering the minor details of the contour lines. 
Usually the major features will persist through various modifica- 
tions, provided correlations have been correct. 

463. Comparison of Surface and Subsurface Maps; Conver* 
gence Maps. — On account of variations in the thickness of beds 
and unconformity between formations, surface structure may 
often differ considerably from the structure in deeper beds below. 
These differences are well brought out on structure contour maps. 
Figure 495 illustrates two maps, one of surface beds and the other 
of the. strata a few hundred feet below. The discordance here 
is due to thinning of the beds westward within a conformable 
series. In Figl 496, the difference between the two maps is due 
to unconformable relations between tw^o series of strata. 

Certain rujes may be formulated in reference to the effects 
of convergence on local structures. Anticlinal axes transverse 
to the direction of general convergence are shifted toward the 
direction of this convergence in successively lower beds. Thus, 
if the convergence between two beds, A and J5, several hundred 
feet apart, is westward, the axis of a transverse anticline in jB, 
the lower bed, will be west of the axis of the same anticline in A. 
Synclinal axes under similar conditions are shifted away from 
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Pio 496.—— Struct uro cftntuur inapn of au artu in which there i« westward coii^vergcnci* 
between the bedn in a conformaliU m^ies I'lgurt A bIiowh tht nurfact Htructure Figure W 
Bhowa the eubsurfice atructure aa niappc^d on a key bed directly below the area of Pig A 
The interval between the key b< da of the two inaiia increaac m about 40 ft from eaat to west 
acroaa the ari'a 



mm B 


Flo. 496«— Straelmre contour mapa of an area in which there is eonvergenee between tao 
UDoonformable aeries of strata Figure A illuatratea the atrueture of the exposed beds and 
, B shows the subsurface Htnirture of the older formation which lies iineonforniably lieluw 
aeries mapped in Fig V 
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the direction of convergence. In anticlincH, syncUnes, mono- 
clines, and struci'tural terraces, dips toward the direction of con- 
vergence are lesseiiied in the lower bc'ds, and dips away fi'om the 



Tja. 41)7. — A. Contour map of Hurfnco Htructuro in a roRion wl rir oil (hlaok dot) ami rkh 
( star) are produwd. (The cirrleH witii four lepie^iotkt “hi J'oles,** or which 

yielded neither oil nor gaa.) 

B. Convergence map of name area an nhown in A. The contourH are liuea of ei|uul interval 
between two given horizona. 



superposed on Fig. 497, A. At every point 
where the contoura of the two maps inter- 
sect, the difference between the elevaiions of 
the intersecting contours is calculated and 
recorded. • 



Fio. 499. — Contour map of the deep 
horizon in the area mapped in Figs. 497 and 
498. The contours here are drawn through 
the intersection points of the contours as 
established in Fig. 498. 


convergence are steepened in the lower beds. In either case, 
low dips in the upper strata may be reversed in the lower strata 
(Fig. 501). 

Where there is thinning Ixitwctm two horizons in a stratified 
series of rocks, and the approximate amomit of this thiuning is 
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known, structums in the upper series of beds may be projected 
down into the lower scries by means of a convergence map (or 
isopachous map). Figures 497 to 199 illustrate the use of a 
convcTgerice map. Figure 497, A, is a contour map of the surface 



Fio. <500. — A. Surface contour map of an anticJiiiftl noae. From data obtained in acveral 
wells in the district, it is known that the upper series which has an average southeastward dip 
of 15 ft. |>er mile, lies unenuf amiably on a lower series which dips nearly due westward 30 ft. 
per mile. From these dips, the convergence of these formations is estimated to be about 4.5 
ft. per mile jS. 70® E. Lines of equal average interval, showing this convergence, are drawn 
straight across maps A and B. At each intersection point of these lines with the contours 
in A the interval is calculated. The quantities obtained are transferred to B, in the same 
relative positions, and they are then contoured with the result shown in B. In other word*<, 
B represents a contour map of the deepdying formation, uncorf ormahly below* the beds 
contoured in A. Observe that nothing is left, in B, of the structure in A, except a slight 
terrace effect. 


structure in a certain region. Figure 497, B, is a convergences 
map of the same region, showing the rate and direction of thin- 
ning (convergence) between two given horizons as determinetl 
by the records of wells or by measurement of exposed strata. By 
superposing the convergence map (drawn on tracing paper) 
upon surface structure map (Fig. 498) elevations on the deep 
may be marked at every point where a convergence con- 
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tour (isochore meaning equal interval/' or isopach, moaning 
“equal thickness”) crosses a surface structure contour. For 
instance, if the convergence line showing an interval of 000 ft. 
between the two given horizons (Tosses th(‘ surface structure 
contour of 1,040 ft., the elevation of the <leep horizon at t?he 
point of int(rse(‘tion of th(\se two lines (a, Fig. 498) is 1,040 



I'’io. 501. — Effect of convergence of hedK on jitruoture. The »ection (B) in drawn along 
ST ati shown on the map (A). The key horizon contoured on lac map is sliowii by the upper 
curved line in the section. This horizon has nearly 200 ft. of (dusure, hut, due to westward 
convergence in the underlying strata, this closure becomes less with depth until it disappears, 
and, instead, there is a terrace (lower curved line in the section). licngth of section about 
.'IV 9 miles. 


ft. — 600 ft. = 440 ft. After the elevations have been estab- 
lished in this manner on the deep horizon, contours arc drawn 
in reference to these points (Fig. 499). ‘ 

The deep horizon maps in Figs. 495, B, 496, B, and 499 are 
decidedly similar to the shallow horizon maps of the same areas 
(495, A, 496, A, and 455, A, respectively) ; but it is important to 
note that such close similarity does not always occur. For 

^ Two excellent papers referring to convergence have been published by 
Corbett and Levorsen. Btbliog., CojiB»Tr, C. S., 1919, and A. I. T.kvorhbn, 
1927. 
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cxiuni)!*-, comiwrr Fig 5()0, A mid B, and Fig. 501, A and B. 
Also ol)s«‘rv(> that, unloss strata havo low dips-- let us say of 5“ 
or less— ('Frol'S may irsult from tlu' fact that the distance between 
the top and Ixittom of a bed, as measured in a bore-hole, may not 
repr(*8('nt true thickness (Fig 502). 

464. Effects of Crookedness of Bore-holes on Subsurface 
Mapping. The sidiject of crcMiked holes has bec'n touched upon 
in Art. 434. We wish now to point out .some of tlu' errors in 
interpretation of subsiiiface conditions which may lie occasioned 
by the false assumption that holes, actually inclin('d, are vertical. 



Fia. «)02 — Sections to illuMtiale eiiois in ineoHuiiiiR thickncHH of foimations in holoe 
<a and t) wliere dipH aro icIativeU Hteep o6 and cf me tiue thiLkiiesHes ed la an incorrect 
thicknetiH rneoMtiietl down frtMii 4 (od in holt a In 4 c» ertnullt eqn tin nh hiil cd is much 
grcatci than ah, aiving the uiiprcseion thil the foimation thn kens fiom hole t to hole a In 
H, theie ih iictuul thiniunp; of the foiinntion fiom f to tr hut cd he nip; pqn vl (o ab giveKmo < hie 
to this thinnins. 


Figaro 603 illusiratof; a poissiblo sparing of tho points at which 
six holes, located 000 ft, apart on the surface of the ground, 
encountered the top of a certain stratum, S, The arrows show 
the direction of drift of these holes, the horizontal migration 
being indicated in each case beside the arrow. If tho facts of 
ileviation of these holes were not known, and the holes were 
assumed to be vertical, the* data (elevations, etc.) on S would he 
incorrectly recorded on a map at the points A to F, instead of at 
to F' where they i*eally belong. It is not difficult to imagine 
how misinterpretations of this kind may load to errors in contour- 
ing Subsurface geologic structure, in estimating per-acre yields 
pf oil fnim a given property, in trying to solve problems of poros- 
^nd rate of flow of fluids between wells, and so on. Further- 
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Fia. 503. — Map of six well locations (A to F) on the surface of the ground (double circles). 
On the Bsaumption that these holes were drilled off the vertical in the directions Indicated 
by the arrows and a horisontal distance shown beside the arrows, the bottoms of the hdes 
would be at points A' to respectively. Figures 503 to 507, inclusive, arc reprinted from 
the Bulletin of the American Association of Petroleum Geologists. (Bibliog., Uiee, F. H., 
1929. b.) 
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more, in regard to eontour maps, there is a vertical error as w(»ll 
as a horizontal error in the plotting of any data from a crooked 
hole. No doubt in a majority of wells, taking into consideration 
all regions where holes are drilled for oil, gas, or water, this 
vertical discrepancy is small; but it may be large without any 
suggestion in the drilling that the hole is going off plumb. 



» . - 

604.— Vertical section to illustrate misinterpretation of subsurface geologic data from 
crooked holes. 


Figures 504-507 represent other anomalies and misinterpreta- 
tions which may result froni deviation of holes from the vertical. 

In Fig. 504, ‘^five holes are shown in vertical seQtion. From 
measurements in thc^se holes, from the surface down to the key 
horizon, RSTy the structure represented by line VW was inferred. 
Actually, however, the stnicture was that indicated by the 
, full line, BST, The misinterpretation was due principally 
to the abnormal depth at w'hich holes B and C reached the 
key horizon . . . 
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Figure 505 “is ^noth(ir example of false interpretation. Here 
the excessive depth of hole B, at the key horizon, BMW, led to 
the conclusion that a fault of approximately 400 ft. displacement 
lay between B and C\ tlie strata on both sides of the fault having 
a dip toward W. Yet actually BMW is an unbroken anticline.” 



Fio. 505. — HypothelicBl vertical Hcrtion nhowing how incorrect geological atructurc may be 
inferred from data from wells not drilled vertical. 

In Fig. ^6, “C, between two wells, B and D, should have 
produced oil; and G should have been dry. As shown, however, 
C would have been a puzzle since it was dry and apparently 
missed the 'pay' altogether. G was a surprise in that it was a 
much better well than F . . . ” 

Figure 507 “illustrates one side of a salt dome in cross section. 
If the four wells had been vertical, A would have been a deep edge? 
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well ; B and C would have been good producers; and D would have*, 
gone into salt several hundred feet above the ‘pay/ Due to 
the deviation of theses holes, C was an edge well, A and D were 
big producers, and B, between two oil wells, went into salt.”^ 



Kin. 500.— Veiiioal HPctiun of an atiticlinc^ carryiiiR oil (black) on ita orewt. A to G repre- 
acut wella drilled for the oil, but not all drilled vertical. (See text.) 


These examples are sufficient. They emphasize the need for 
making daily checks on the verticality of holes that are in process 
of drilling, and the importance of surveying completed holes for 
their true position underground, when they are known to be more 
than a few degrees off the vertical. If their courses in three 
dimensions are determined, the geologic data which they reveal 
can be plotted in correct relations. 

' 1 Bibliog., F. H., 1929 (fc), pp, 1129, 1133. 
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Contour Maps Other than Structure Contour Maps 

466. Examples Mentioned. — Without entering into detail, we 
may say that the method of drawing linos or contours through 
mapped points of equal value is applied to many other features 
besides structure- For instance, contour maps have been mad(‘ 
showing lines of equal mag- 
netic anomaly (332) , lines of 
equal chlorine content in 
water, lines of equal Baum6 
gravity of oil, lines of eciual 
gasoline content in natural 
gas, lines of equal thickness of 


ABC D 



ified series, and so on. With 
the explanation of ordinary 
structure maps clearly in 
mind, the student should be 
able to prepare any kind of 
contour map to solve his own 
problems. 

Block Diagrams 

466. Definitions.- One of 
the most successful methods of 
geologic illustration, both for 
popular and for scientific dem- th® salt plug bf a salt dome, 

onstration, is the so-called block diagram. In brief this is a view of 
an imaginaiy rectangular block of the earth’s crust- It is as 
if upon a rectangular block of wood, let us say, two geologic 
sections had been drawn on two adjoining sides and a map on 
the top face, and then the block itself had been sketched in a 
position such that these three faces were visible to the eye (Fig. 
83). Frequently the top surface is drawn as if it were a model 
of the topography, with 4ll the hills and valleys (Figs. 146, 179 
280, 328, etc.). There are, then, two varieties of block diagram. 
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For easy reference the term, map block, will be used for iho 
kind with a flat top, and the, term, relief block, for the kind that 
shows the topography. The first brings out th(i relations of 
geologic structures in normal planes, and the second, the rela- 
tions between geologic; structure and topography. Relief blocks 
are best constructed in perspective, but map blocks may be made 
in isometric or cabinet projc^ction or in perspective (467). Like 
geologic sections and maps, a blo(;k diagram represents the 




.'> 08 . — A rociiuigular block drawn in iRometric projection (A), cabinet projection (H), 
angular pernpective (C), and parallel perspective (D). 

geology by different lines and patterns, less often by colors, and 
consequently it must have a legend. 

467. Construction of Block Diagrams. — Bi'iore the geology can 
be depicted on a block diagram, the outlines of the* block itself 
must be drawn. This may be done in isometric projection, in 
cabinet projection, or in perspective. Figure 508, A, illustrates 
the isometric projection, and Fig. 508, B, the cabinet projection, 
of the same rectangular parallelepiped. In each case lines 
parallel in the block are drawn parallel, vertical lines are drawn 
vertical, and equal lines (those with the same letter in Fig. 508) 
in the diagram. In Fig, 508, A, the angles marked x 
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arc each of them 120®, and measurements along any of the lines 
of the diagram are on the same scale. In P"ig. 508, B, angle 
X = 45® and angle y = 90°; measurements parallel to a and c 
arc equal, but parallel to 6 the scale is one-half its value parallel 
to a and c; that is, if an inch or a foot or a mile is measured off as 
an inch along a and c, the same distance is represented by 




Fiii TiOU. — Hlot'.k (liiiwn in :iiifculur tHMHpcrtivp. hIiowiiik iplatioTi to ihp horizon line, ah. 

parallel to b. A very iis(^ful vari(‘ty of cabinet projection is one 
in which angle x (Fig. 508, B) is 30°, tuigle y is 90®, parallel edges 
of the block are drawn parallel, (uid measurements in directions 
parallel to all the edges are on th(‘ same scale. In both isometric 
and cabinet projections, then, measurements of length can easily 
be made in directions parallel to the edges of the block. ^ 
a t> 



510. — Blonk drawn in parallel perspective, showing its relation to the hprizon line, ah 

On the other hand, in a perspective sketch of a rectangular 
parallclopiped, equal parallel lines are seldom equal or parallel 
in the figure. Vertical lines are drawn vertical, but horizontal 
parallel lines generally converge toward the background in such 
a way that, ^hen produced, they will all meet in a single point, 
and the several points in which different sets of horizontal lines 
meet are all on the same straight line, the horizon line (a6 in 
Figs. 509, 510). If all sets of horizontal lines in the object meet 

^ Measurement of angles and distance in nonperspective blocks is 
cyr^lained by Ives (see Bibliog., Ives, Ronald L.). 
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in the horizon line, the perspective is angular (Figs. 508, C, and 
509), but if one set of horizontal lines in the object is drawn in 
the plane of the picture, the perspective is parallel (Figs. 508, 
D, and 510). Parallel perspective differs from cabinet projection 



in that the edges marked 5 in D and B, Fig. 608, are parallel in 
the latter, but conviTge to a point on the horizon line in the 
former. Parallql iw'rspeetive involves a certain amount of dis- 
tortion, as may be seen in Fig. 608, D, for if a rectangular block 
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wore looked at perpendicular to one of its facCvS its other sid(\s 
would not be visible. 

Measurements can be made on block diagrams in both parallel 
and angular perspective/ but with very mueli h^ss facility than 
in cabinet and isometric projections. Let us consider an examph^ 
of parallel perspective. Suppose that in Fig. 511, Ijknmdp 
represents a rectangular block which is 8 ft. thick and 5 ft. square 
on its top. The construction of this part of the figure may be 
stated briefly as follows: abed is the square top (or bottom) 
of the block as viewed from above, drawn to the scale of in. = 1 
ft. Choose a point, g, for the view point. Produce dc a certain 
distance to the right to c\ Draw ag and bg, ag intersects dc* 
at c, and hg intersects dc' at/. Next draw hi parallel to dc' and 
at a convenient distance below dc'. Drop perpendiculars to 
hi from d and c, meeting hi in j and k, n^spectivedy. Mark off 
Ij and mky each % in. long. Draw Im. Then Ivikj represents 
the front face of the block constructed on the chosen scale. 
Through g draw a line, c'v, perpendicular to dc' and hi. On this 
line select a point, 5, at a convenient distainte above hi. From 
Ij My and ky draw lines to s. From e and / draw' lint^s perpendic- 
ular to hiy intersecting Z.s, msj and in Uy o, and p, resp<H;tivcly. 
Draw no and op. Then noml is the top, and mopk is the side, 
of the block, both seen in perspective. 

Now, the reader will notice that although, in the block, jk = 
Im == no, and Im = mo = kp, and Ij = mk = op, this is not 
true in the diagram. Evidently the same scale cannot be used 
for all edges. The front face is here made with both horizontal 
and vertical scales the same, i.e., in. ~ 1 ft. Because of 
foreshortening, 1 ft. must be represented by less than }/q in, on 
edges no and op. To obtain the scale for these two edges, divide 
no into five equal parts and op into three equal parts. The 
divisions of no and op are equal. 

As for edges In, mo, and kp, each consists of five parts, and 
each part represents 1 ft. in the block, but in the figure these 
parts are necessarily smaller toward the background. They 

^ See Bibliog., SBcmsT, Mark H. 



004 


FIELD GEOLOGY 


are obtained thus: roferrinp; to Fig. 511 again, draw through 
« a lino, miy parallel to /iz, and through I and o draw a lino inter- 
secting su Sit t. From on hi, mark off a distances, vw, equal 
to jl 6 in. (the unit of the scale) toward k, and draw ws and wi. 
wt intersects w at x. From x draw a line parallel to hi and 
m(?eting kp in z. kz reprcNsonts 1 ft. xz intersects ws at y, 
Draw yi. From the point of int(n*H(K*.tion of yt and sv draw a 
line parallel to hi until it m(iets kp. Proceed in this manner until 
kp has been divided into five unequal spaces, ea(;h representing 
a length of 1 ft. in the original block. The divisions of mo 
may be obtained by erecting perpendiculars to hi through the 
points fixed on kp, and the divisions of In may be obtained by 
lines drawn parallel to hi from the points on mo. 

For further discaission of scale in perspective blocks, both 
parallel and angular, the student may consult the article by 
Secrist, already cit(Kl.‘ 

With regard to the advantages and disadvantages of these 
methods of illustration, perspective drawing looks more natural 
than either kind of projection, but it greatly increases th(^ 
difficulty of measuring distances. Therefore, cabinet or iso- 
metric projection should be employed when the block diagram is 
intended to facilitate computations (see figures in Chapter XXI). 
Of the two, cabinet is pniferable to isometric projection. For 
geologic illustration parallel perspective has a distinct advantage 
over angular perspective since it shows the structures in their 
true relations on at least one face, the front one. 

Having completed the outline of the block, the next thing to 
do is to decide upon its orientation, or, rather, the orientation 
of the geology to be indicated upon it. A good rule .to follow is, 
let the front of the block be perpendicular or parallel to some 
important structure. Thus, it is well to make the front face 
normal to the axis of a fold or normal to the strike of a fault, 
bed, or dike, on any of which measurements are to be computed. 

When you have determined the orientation of the block, you 
are ready for Ijhe third stage. This consists of sketching in the 
bibiiog. 
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|j;(*ology and, on a relief block, the topography. The sides or 
vertical faces of the block are filled in first, and then Ihc'. to[) 
surfa(*.e. For any bloi^k in cabinet projection or in parallel 
perspective, complete the front face, which is parallel to the 
plane* of the papci*, exactly as you would a geologit* section. If 
the finished diagram is to ht* a map block, this front fact* is treatcjil 
iis a rectangular base (449); if a relief block, it is treated as 
a profile base (460). 

In any block diagram, for sides not parallel to the* jilane of 
the paper begin by making a preliminary true geologic sectifin 
on a rectangular bast^ or on a profile base according as the figures 
is to be a map block or a relief block, respectively. Do not 
complete this preliminary’^ section; merely carry it far enough to 
get the locations of important points, and then transfer thc‘se 
points to their correct places on the side of the block diagram. 
In transferring, remember the rules for measurement in cabinet 
and isometric projection and in perspective. When the geologist 
has become proficient in making block diagrams, he seldom 
needs to construct these preliminary sections unless great 
accuracy is requisite. He is able to draw the geologic structure 
directly on the sides of the block in spite of the distortion of 
projection or perspective. 

After the sides of the diagram are finished, the positions 
of structures and boundaries on its top surface may be obtained 
from points in the upper edges of the side faces. If it is a map 
block, this is fairly easy; but if it is a relief block, the topography 
is difficult to sketch properly. Indeed, good execution requires 
a true sense of proportions. 

468. Requisite Data for a Completed Block Diagram. — A 

block diagram should have a legend arranged in the same way as 
for geologic maps and sections. The directions of the block’s 
upper edges must be indicated. This may be done either by 
lettering the front comers with the appropriate compass points, 
or, if an edge lies in a north-south position, by drawing an 
arrow, pointing north, parallel to tliis edge (Fig. 132). Isometric 
and cabinet projections should be accompanied by the adoptcnl 



666 


FIELD GEOLOGY 


HcalcB. For blocks in parallel perspective the scale for the front 
face should be indicated. A general idea of the horizontal scale 
in perspective may be given by labelling various known localities, 
such as lakes, towns, hills, etc., on the upper surface. 



Skeleton Diagrams 

4s69* Definition and Description. — Skeleton diagrams are made 
to show the probable relations of geologic structures inside the 
space of a block. They are essentially sketches of section models 
and peg models.* They are drawn to scale in their true field 

^ Section nrio<lclB~ are constructed of parallel or intersecting sections, 
usually on kUws, but soinetinies made of wire. These sections are prepared 
and apaoed to strain. Peg models are gn>ups of wooden sticks made to 



Fio. 613. — Skeleton diagram showing structure on the oil pay sand in a certain region. 
The upright columns represent holes drilled for oil. The short cross line near the upper 
part of each hole marks the point where the sea-level plane, beds, intersects the hole. A 
network of lines is drawn from well to well, connecting the top of the pay sand near the 
bottom of each welj. These lines are made heavy where they connect rows of wells parallel 
to the front face of the diagram. These heavy lines, hi, jk, Im, no may be regarded as 
vertical sections of the pay sand. Essentially, therefore, the diagram illustrates an anticline, 
trending about N. 10*^ or 20^ £., with a steep east dip and a gentle west dip. 

level. The site of each well is plotted by reference to the 
three coordinates which correspond to the three edges of the 
block, thus: well a is 2,310 ft. east of edge be, 990 ft. north of cd, 

represent well logs, and placed, according to scale, in an upright position on 
a horiaontal wooden base. * 
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and its olevation is 750 ft. above sea level. To find the site of 
this well, s(^alo off cf = 2,3l0 ft. from c on cd; then scale off fg = 
990 ft. northward (parallel to edge be) from /; and then ga = 
750 ft. vertically np from g. From a plot the log of this well 
downward and on th(' scale of the block. All other wells are 
similarly located and th(‘ii* logs plottc'd graphically. After 
this has been donc^, liiuvs may be drawn connecting points 
at any given horizon as shown in the different logs. 

Such blocks may be used for various purpos(\s. For example, 
in oil fi(ilds, if the pay sands and water sands are plotted (Fig. 
513), the depths at which these horizons are likely to be encount- 
ered in drilling other wells can be calculated, provided the loca- 
tions and elevations of such new wedls are known. 

Serial Diagrams 

470. Use and Character. — Geologic sections, maps, or block 
diagrams are sometim(\s prepared in stories to show the successive 
stages in the development of a structure or in the geologic history 
of a region (Figs. 113, 214, 215). Serial diagrams of this sort 
arc especially useful for illustrating faulting. For example, a 
rock mass is repn'sented i’.i the first figure before faulting; in 
the second, after the displacement, but before erosion has 
reduced the upthrown block; and in the third, after erosion has 
brought the n^gion to its present aspect. In each of Figs. 
184-194, the scjcond and third stages arc drawn, but the first is 
omitted. This method is, of course, quite unnatural since, under 
ordinary circumstances, denudation more nearly keeps pace with 
faulting (179). 

c 

Columnar Sections 

471. Definition. — A columnar section^ or geologic column 
(Fig. 514), is made to show the sequence and original strati- 
graphic relations of the formations in a region. The height 
of each formation in the column represents the approximate 
^lative thickness of this formation. The column cannot be 
drkwii absolutely to scale since the formations vary in thickness 
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Oharaotor and DLairlbutlon 


Qravol, sand and clay in Salt Flat. 
Dneonaolldatud impure gypaum 
at the anrface In lowest part of 
baain. 


Bu8 aandatone. with aubordiuate 
amonnt of conglomerata, ahale« aod| 
Umeatone. Oapa the Mila • milei 
weat et Van Born and In the rioln- 
_of 




MaaalTo^oddod gypanm la faulted 
area in eaatara pari of voadransle* 


Interbedded gray llmeaton' and boll 
aandatone in Delaware Mountatnaij 
maaalee white and gray Umeatone 
member In Apache Mountalna. 


Maaaire gray hoieatoao with baaal 
conglomerate* In Bierrap Diablo, 
Baylor. Beach, Wylie, and Carrico 
Mountaina. 


Fio. 514. — Example of a columnar section. (Van Horn Folio, No. 194, U.8.G.B., 1914.) 
The rocka listed in the column are found in the roffion mapped for the folio. 
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from place to place. If the strata are inclined or folded, the 
thickness of each member must be computed (486). In this 
respect a columnar section differs from a well log, unless the well 
penetrates horizontal strata. 

Plans, Sketches, and Photographs 

472. Requisite Data for Plans, Sketches, and Photographs. 

Every plan, sketch, and photograph, which illustrates geologic 
phenomena should be accompanied by a scale and compass 
directions. The latter are most readily noted by stating the 
direction in which the observer was looking in making the picture. 
Scale, in photographs, is often given by including within the view 
a ruler, hammer, or some other article of known dimensions. 
Plans and sketches may be treated like maps and sections. 
Locality should also be mcMitirmcMl, and if any conventional signs 
are employed these arc to be tabulated in a legend. 



CHAPTER XX 


INTERPRETATION OF GEOLOGIC MAPS 

473. Significant Features on Geologic Maps. — From an 
examination of a geologic map a great deal may often be learned 
of the geologic structure, provided the topography is shown by 
contours. In general three things must be considered, namely, 
the contours, the outcrop areas marked with different colors or 
patterns to represent different rocks, and the boundary lines 
between these areas. Contours have been discussed in Chapter 
XIII. Outcrop areas and boundary lines will be treated in the 
following paragraphs. 

474. Outcrop Areas. — For the interpretation of a geologic map 
one should begin by ascertaining the meaning of the colors or 
patterns of the different outcrop areas. From the legend one 
should find out which colors or patterns are for igneous rocks, 
which ior sedimentary rocks, and which for metamorphic rocks, 
and wherever the map shows that two rock bodies are in con- 
tact, their relative ages should be determined, also from the 
legend. For this purpose the geologic time scale must be known 
(Appendix I). The forms of the outcrop areas, being consequent 
upon the trends of the inclosing lines, may be described under the 
head of boundaries. 

476. BouiKlEuies of Outcrop Areas. — Geologic boundary lines 
on maps represent the exposed edges of contacts, such as surfaces 
between conformable strata, surfaces of unconformity, igneous 
contacts, and faults. Rules pertaining to the nature of these 
lines, as controlled by topography, have been stated in Arts. 
174 and 439. In the present connection the rules may be 
reversed: (1) if the outcrop of a surface does not cross contours, 
the surface is horizontal (Fig, 447); (2) if this outcrop line is 
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straight and has no fixed relation to the contours, the surface is 
vertical or dips stcjeply (Fig. 448); (3) if the outcrop line has a 
sinuous course and intersects the contours, the surface is moder- 
ately inclined. In the latter case the line has elbow-like bends 
which point down the dip in the valleys (Figs. 449, 450), unless 
the inclination of the givcm surface is in the same direction as, 
but is loss than, the slope of the valley floor (Fig. 451). The 

longer and more acute the 

bends are, the lower is the dip 
of the inclined surface. These 
statements are based on the 
assumption that the given 
surface is essentially flat. If 
it is undulating or otherwiw^ 
irregular its outcrop is likewise 
irregular, but with a little ex- 
perience one can distinguish 
the disorderly bends and 
angles of a line of this sort 
from the more uniform curves 
due to the topographic inter- 
section of a flat surface. 

The strike of an inclined flab 
surface may be obtained by 
drawing a straight line be- 
tween two points of intersec- 
tion of a given contour with the outcrop of the surface {ab in Fig. 
515). The approximate dip of such a surface may be found thus: 
from the intersection, c (Fig. 515, A), of the outcrop pf the surface 
with any contour except that containing points a and fr, draw 
a line, cd, perpendicular to oh. In Fig. 515, A, the second contour 
below o is used. Lay off a horizontal line, xy (Fig. 516, B) 
equal to 2cd^ and at the end for the higher contour (y, correspond- 
ing to d in Fig; 615, A) erect yz perpendicular to xy, making the 
length of yz four times* the contour interval. These lines, xy 

> For convenience, here, Pig. 615, B, is enlarged twice. 



Fia. 515 .— Method of oomputing the strike 
and dip of an inclined layer by reference to its 
outcrop on a contour map. 
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and yZj must be drawn to natural scale. Complete the right 
triangle xyz. Angle zxy will then bo the dip of the inclined 
surface, and this angle may be calculated since xy can be meas- 
ured on the map and zy is known. It is hardly necessary to 
remark that accuracy in the result depemds not only upon the 
flatness of the surface, but also upon the care with which the 
map was made. 

476. Strike Symbols. — On outcrop maps of folded strata the 
general trend of the strikes may give one an idea of the structure. 
Threti varieties of strike arrangement are noted below. If 


B 

Fia. 516. — Strike and dip Hyndioln on outcrop mapa, indicating pitching foldn in A and a 

dome fold in U. 

several possible interpretations are mentioned, the correct one 
can be determined by a knowledge of the dip directions at the 
severat outcrops. 

1. Strikes are straight and parallel. The folding may be 
homoclinal, monoclinal, synclinal, or anticlinal. If anticlinal 
or synclinal, the fold axes are horizontal (Fig. 459, A, B, C). 

2. Strikes converge alternately, first in one direction and then 
in the opposite direction, and at the angles of convergence they 
swing round sharply or broadly (Fig. 516, A). The structure 
consists of pitching anticlines and synclines. 

3. Strikes run round in a complete curve which may be rudely 
circular or oval. The structure is a dome fold (Fig. 516, B) or a 
basin fold. 

477. Conformable Strata* > — Unless the dip of a stratified 
series exactly coincides with the slope of the ground — ^an exceed- 
* See also pages 630 to 631. 
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ingly mre condition — the teds are exposed in belts. The two 
edges of any belt on the map are the outcrops of the upp)er and 
lower surfaces of a stratum, and for each belt these lines, in their 
relations to the contours conform with the rules given in Art. 
476 . When the top and bottom surfaces of a given bed are 
approximately parallel, as they often are, the trend of the outcrop 
telt as a whole is naturally governed by these same rules. The 
brtmdth of the belt varies according to the dip of the stratum 
and the slope of the land ( 173 ). To facilitate the interpretation 
of geologic maps of conformable strata, the following key is 
given. 


Key Foil THE iNTEIlPJtETATION OF MaPS OP CONFORMABLE STRATA 

1. Tlu! color or pattern used on the map indicates- that only one stratum 
outcrops over a broad area. 

а. The topographic relief is low and the land surfacto is essentially 
horizontal. 

Th« bfids an* probably hori/oiital. ^ 

б. The relief is low and the land surface as a whole has a definite slope. 

The bcniii dip with tht* purfaco cif the ground, 
c. There is considerable relief. 


The exposed stratum in onsontially horizontal and is at least as thick os the mcasiiro 

of the rcilief (Fig. 517). 



Fio. 517. — ^Profile section show^ 
ing the relation between the tlnok* 
ness of a stratum (lined) and the 
topographic relief. 


2. Different strata outcrop in relatively 
straight, parallel belts. 

A. The beds are exposed in regular sequence 
across the strike. 

a. The land surface is a nearly flat, 
horizontal plain. 

The beds are inclined or vertical. 
h. The land surface is a nearly even plain 
which has a deflnite inclination. 


The beds are horixontalt inclined, or vertical. If they are ino]ined» their 
dip is not parallel to the slope of the ground. 


Hie relief is marked and may be rugged (Fig. 518). In case the 
topography consists of parallel ridgee and valleys, the outcrop 
belts diow no deviation in transverse v^eys that may interrupt 
the continuity of the ridgee. 

The vtrata are yertiiHd. 
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a . b e d e 



a b c d e 


Fiq. 518. — Geologic map of vertical etrata, Contour interval, 20 ft. 



Fia. 519. — Geologic map of folded strata, a,6,c,d. a outcrops in an anticline, and d in 
aynoUnes. Which is the oldest bed shown? the youngest bed? Note bow the oontaota 
Mween strata bend in the direction of the dip in the valleye (see sUeams). Contoun not 
shown. 
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d. The relief is marked and the topography consists of parallel ridges 
and valleys. In transverse valleys the outcrop belts make sharp 
elbow-like bends. 

The beds arc inclined (Cf. Art 475) . 

B. Across the strike the stratigraphic succession is alternately normal 
and then reversed. Thus, if the digits, 1, 2, 3, and 4, stand for the 
beds in the sociueiice of their deposition, the order of exposure may 
be, 1, 2, 3, 4, 4, 3, 2, 1, or it may be, 4, 3, 2, 1, 1, 2, 3, 4. 
a. The relief may be low, or the topography may consist of parallel 
ridges and valleys which coincide pretty closely with the outcrop 
belts (Fig. 519). 

The structiirc is anticlinal if older beds arc flanked on both sides by younger 
bods, and it is synclinal if younger biKls lit; between older ones. Variations in 
the width of these belts may point: (1) to symmetrical folds in which opposite 
limbs are exposed on a uniform slope or on shtpes of different inclinations; or 
(2) to asymme.trical folds outcropping on a surface of low relief and of no or 
uniform inclination (175). 

3. Different strata appear in sinuous or zigzag belts.' 

а. The relief is considerable. The boundaru^s between strata are roughly 
parallel to the contours, following those up valleys and thus giving 
a treelike, branching, or detuiritic pattern to the rock distribution on 
the map (Fig. 520). When traced up the valleys, the belts are seen 
to make elbow-like turns which point upstream. Followed down the 
valleys, the same belts bend round projecting spurs of the uplands, 
here pointing down the slope. 

The beds arc horixontal or very nearly ao. 

б. The topography is strongly rolling or rugged. The boundaries 
between adjacent strata cross the contours. The turns of the belts 
are situated on the valley floors and on the upland spurs. In the 
valleys the bends are convex toward younger beds, and on the spurs, 
toward older beds, but whether on spurs or in valleys, the convexity 
may point up the slope or down the slope. 

The beds are inclined. The turns in the belts are convex down the dtp in the 
vallesrs and up the dip on the spurs, provided always that the dip is greater than the 
inclination of the ground (Cf. Fig. 519). 

c. The relief may be low or considerable. In the latter case the hills 
are generally long ridges which trend parallel to the outcrop bolts. 
The boundaries between adjacent strata are louglily parallel to the 
contours in the valleys which are parallel to the ridges (longitudinal 
valleys), but they cross the contours in the valleys that are transverse 
to the ridges (transverse valleys). 

The strata are f<dded in pitching anticlines and synclinee. Older beds outcrop 
between younger beds in aatielines; vtcc versa in synolines. In anticlines the beds 
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arc convex down the pitch; in synclines, up the pitch. At the sharp bends the 
ridges usually have a gentle slope in the direction of the pitch and a steep slop<* on 
the opposite side of the crest. 

4. Different strata appear in roughly concentric closed belts. 

a. The rcli(if is considerable. The boundaries between strata are parallel 
to the contours. The closed belts appear only in isolated hills. Else- 
where on the map, in valleys and on spurs, the dendritic pattern pns 
vails (Fig. 520) . 


d 



babe d e 


Fia. 520.— Geologic map of horizontal strata, a,b,c,d,«,/. Which is the oldest bed* 
shown? which the youngest? In the northwest corner of the map is a mt‘sa. Contour 
interval, 100 ft. 


The strata are nearly or quite horizontal (Cf. 3, o). 

h. The relief is low or considerable. If the latter, the uplands are 
concentric ridges parallel to the outcix)p belts. The boundaries 
between edjacent strata arc about parallel tx) the contours in longi- 
tudinal valleys, but they cross the contours in transverse valleys* 

The structure is that of a basin fold if the strata are successively older outward in 
all directions from the center of the curving belts and if the boundary lines bend 
inward in the transverse valleys: and the structure is that of a dome fc4d if the 
strata are successively younger outward and if the boundary lines bend outward in 
the transverse vaUe 3 re. 

5. An outcrop belt, whether continuous or interrupted, becomes graduallv 
narrower and finally disappears. 
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This MRnifira that the* bed represented by this belt has thinned out to an edge. 
Do not confuse this phenomenon with th«* narrowing of a belt which passes on to the 
face of a steep slo|:»e or a cliff, nor with the abrupt termination of an outcrop belt 
at a fault, an igneous contact, or a line of unconformity. 

478 . Igneous Rocks. — Since sills and flows are like strata in 
their field relations, they also look like strata on geologic maps. 
They may be distinguished by their colors or patterns by referring 
to the legend. Most of the cases cited for stratified rocks in 
the preceding article arc applicable io eruptive sheets. Dikes, 
too, have their outcrop belts controlled by the topography in 

— the same manner as sills, 

flows, and strata. They 
y ... ■, ^ ^ usually dip pretty steeply. 

- ~ ^ They are readily distin- 

^ ® \ \ guishedby^their cross-cutting 

p relations to the adjacent rock 

bodies, and by reference to 

^ , m:,, . 1= Necks are comparatively 

. ■ . E small oval or circular areas, 

■ ,/"■■■' — T. ■■■ as indicated on maps, and it 

Fio. 521. —Geologic map of a batholithio rock io iin/»Ammnn fn sfuwUlriajBi 
(blank; and its country rock (lined), p. roof UnCOmmon tO SCi. UlKeS 

pondant or large inclusion; c, cupola. radiating from them and also 

to find the remnants of flows 
Somewhere in the neighborhood. Volcanic cones are recognized 
by the fact that they consist of pyroclastic d6bris or of lava (see 
legend) and, when fresh, they often have craters. Laccoliths 
appear as larger closed areas surrounded by sediments which have 
an outward dip if the intrusive body is essentially horizontal. If 
the laccolith is inclined, its outcrop may be lenticular., p]xposures 
of batholiths are usually of still greater extent and of very irregular 
form. The edges of the map area of a batholith commololy 
truncate the outcrop belts of adjacent older sediuieutary rooks. 
Isolated patches of these older rocks within the confines of the 
batholithic area are roof pendants or large inclusions ( 141 ), and 
isplat^ areas of the batholithic rock in the older sediments out- 
side the main boundary are cupolas or pipes (Fig. 521) ( 161 ). 
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479. Unconformfties. — Uncoiiformitios arc notod in thei/ 
proper places in the legend. Of the types dc'scribed in Arts. 76 
and 76, disconforniity is the hard(\st to detect on geologic^ maps. 
Its presence is indicated in the legend by the fact that formations 
which should come b(.*tween the disconformable strata are want- 
ing. Angular unconformity between two groups of stratified 
rocks appears on a geologic map as a line, 
regular or irregular, against which abut the 
beds of one or both formations. Lines of 
unconformity of this sort may separate older 
bedrock from younger overlying surface de- 
posits or lava sheets. Unconformity Ixjtween 
an inirusive igneous rock and a body of any 
kind of igneous, sedimentary, or metamorphic 
rocks, may be mistaken for an intrusive con- 
tact. If the intrusive (A, Fig. 522) is older 
than the rocks on the other side of the doubtful 
line, this line (wo, Fig. 522) is one of uncon- 
formity; but if the intrusi\e is younger, the fig. 522 .-GToii)Kio 
line is an igneous contact. The relative ages ^ an 'illl 

can be obtained from the legend. 7*^^' tb’ ^ 

Unconformities and faults cannot be con- rockB. /?. u /i *2^ 
fuaed on a map because they are represented f.lSv« int" J" 
by lines of different weight (437). “ : 

480. Faults. — Before one can interpret the b wbh uid down uneon* 
relations of a fault which is shown on a geologic a*irne*^of unconfOTirllty? 
map, one must ^cure all possible information 
on the characters, structures, and relative ages of the rocks 
in the two contiguous fault blocks. These facts are to be 
sought by aid of the statements made in Arts. 476 and 477-479. 
The next step is to ‘ascertain the attitude of the fault. For this 
see Art. 476. Ordinarily a fault with a low dip, and therefore 
a highly sinuous exposure where the relief is marked, is an over- 
thrust (Fig. 523). In this case there may be associated isolated 
areas, each entirely inclosed within a fault line. Such an area 
is s, fault inlier if the rocks within the closed fault line are youngei' 
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than the rocks outside, and it is a fauU ovilier if the opposite 
condition holds (206) (Fig. 523). 

Having determined the general attitude of a fault and the 
relations of the rocks on either side of it, we may proceed to 
classify it. If the fault is vertical, younger rocks are exposed 
at a given elevation near the fault line in the downthrown block. 
If the fault is inclined, younger rocks are exposed in the block 
toward which the fault dips in the case of 
a normal fault, and in the block away from 
which the fault dips in the case of a reverse 
fault. These statements refer to dip-slip 
and oblique-slip faults. Strike faults, dip 
faults, and diagonal faults which dislocate 
stratified rocks can be recognized at a 
glance. 

With regard to offset, repetition and 
^ omission, the reader is referred to Arts. 184, 
192, 194, and 196, where many of the rules 
laid down for the field interpretation of 
of a region whore an over- faults will be found to be applicable to the 
01 “. r ruppl^’; interpretation of mapped faults. 

fhrboundMie““\weeS ^ be Said of the appear^ce of 

thene two forniatious are faulted syncUnes and anticlines which have 

fault lines, a, fault out- . , . j , . ^ . m 

lier; 6, fault inlier. The been truncated by erosion. The effect of 
diji” h“w dip faults and diagonal faults upon such 

may this fact be ascer- folds is to increase the perpendicular dis- 
tance between the outcropping edges of a 
stratum on opposite limbs of an open syncline (s, Fig. 524), 
and to decrease this distance in an open anticline (a. Fig. 524), 
always on the side of the downthrown block. From* the map it is 
possible to t^l which is the downthrown block if the nature of the 
folding is known, or, on the other hand, to ascertain the nature 
of the folding if the relative displacement is known. 

481. Geologic History. — In the interpretation of geologic 
maps, one diould be able not only to decipher the structural 
jonditions, but also to read the geologic history represented on 
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them. Every geologic map shows certain features which, if 
properly understood, can be described in the chronological order 
in which they originated. The same may be said of geologic 
sections and block diagrams. Take Fig. 525 for example. Here 
the strata / and g dip gently southwestward, as shown by the 
bends of their contact lines at the streams. This series, / and 
is overlain unconformably by h, for this stratum occurs only on 
the uplands, whereas / and g outcrop as low as the stream 
channels, and h apparently conceals/ and g (see near x, Fig. 525). 



Fia. 524.— Geologic map of folded beds dislocated by a transverse dip fault. «» syiioliue; 

a, anticline. 

Furthennore, Ihe legend indicates that h is younger than/ and g. 
In the northern part of the map a folded series of strata is. seen 
to be* overlain unconformably by the series / and g (see north 
contact line of / and refer to legend). This old series, a to e, 
is folded in a syncline, a fact which is demonstrated by the 
sequence of the outcropping belts of rock (younger between 
older) and by the bends of the contacts at the streams. The two 
stratified formations, / plus g and a to e, were faUted. 

The geologic history of this area is therefore as follows: 
a, b, e, d, an&e, were deposited in the order named. Subsequently 
these strata were folded and then laid bare by erosion, these 
processes probably consuming a long period of time. Upon 
their truncated edges, beds / and g were laid down in a trans- 
gressing sea. These two formation, / plus g and a to e, were 
broken by a vertical, or nearly vertical, fault. Erosion succeeded 
the faulting, thus finally expomng/and g and at least part of series 
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a to e. The next event was another invasion of the sea and the 
deposition of h. Later this was followed by uplift and erosion 
to the present conditions of exposure. Some conclusions might 
also be drawn as regards the physiographic history. 

In the study of most published geologic maps, the history 
indicated will generally be much more complicated than the 



Fio. 625. — OedoKio map illuBtratinc gaologio history. (See text.) (In the legend, the 
formations are sucoessively younger from below upward.) 

outline just given. The student will do well to examine care- 
fully the geologic maps accompanying folios published by the 
U. S. Geological Survey. One may approach the problem by 
listing all the events suggested and then considering the probable 
chronological order of each such event in reference to each of the 
others. .> 



CHAPTER XXI 


GEOLOGIC COMPUTATIONS 

Computations in General 

482. Measurements and Computations Previously Discussed. 

Certain problems of measurement and construction have been 
discussed in the preceding chapters. The more important of 
these may be listed here for reference, as follows: distance, on 
the surface of the ground, between two points on a contour map 
(300) ; inclination of a slope (302) ; correction of a compass trav- 
erse (374); depth of a horizon below the “key horizon on a 
structure contour map (456) ; dip and strike of an inclined surface 
as determined from the outcrop line of the surface on a contour 
map (476). 

483. Application of Computations Explained in the Present 
Chapter. — In geologic computations it is sometimes necessary to 
ascertain the direction and angle of inclination of the intersection 
of two planes which are not parallel, or the position of the point 
of intersection of a line and a plane. The intersecting planes 
may be two faults, a fault and the contact between two con- 
formable beds, a bedding surface and the wall of a dike, etc. 
Accuracy in the results requires that such surfaces be as nearly 
plane .as possible and that the lines be essentially straight. 
The methc^ of solving these two problems are outlined in Arts. 
484 and 486. Computations for thickness (486) are applicable 
to any inclined layers of uniform, or nearly uniform, thickness, 
such as strata, dikes, sills, veins, etc/ Variations in thickness 
introduce errors into the results. Computations for the depth 
of a point in an inclined surface (487) may refer to the top or 
bottom surface of a bed, dike, sill, or vein, or to a fault or any 
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comparatively flat surfaces. Measurements of slip and shift 
'488) pertain only to faults. 

Solution of Particulau Problems 

484. Line of Intersection of Two Planes, Not Parallel. — 

Given: The dips and strikes of two intersecting planes. 
Required: The angle of inclination and the direction of inclina- 
tion of the intersection of these planes. 

Solution:' Since strikes and compass directions are horizontal, 
the construction for this problem is assumed to be in a horizontal 



Fig. 526. — Method of ooiiiDuting the angle and direction of inclination of the intersootion of 
two plance. (After H. F. Reid.) 

plane. Draw MN and OP (Fig. 526), the intersections (strike 
directions) of the given planes with any horizontal plane. MN 
and OP will be called lines when reference is made to the inter- 
sections, and planes when reference is made to the inclined 
{danes passing through these intersections. From any point, 
a, on line MN erect a perpendicular, ah^ in the direction of the 
d4> of the plane MN. From a, also, draw a line, ac, making 
with ab an ang^e, S, equal to the dip of the plane MN. Through 

problem and the next are modifications of those presented by 
iQia. Bam IKbliog., Rmn, H. F., 1909, pp. 173-176. 
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c, on ah at a convenient distance from line MN draw df through 
ac parallel to the line MN. The triangle ead may be regarded 
as a vertical triangle rotated about ae into a horizontal position. 
In its vertical position, ad would l)e in the plane MN and de 
would be vertical, df is the intersection of the plane MN and 
a horizontal plane which is at a depth, de^ bcdow the horizontal 
plane in which limss MN and OP are situated. 

Use the same method of construction for OP, but draw the 
line gh, corresponding to d/, parallel to line OPy and at such a 
distance from line OP that gi shall be equal to de. Then df 
and gh are, respectively, the intersections of planes MN and OP 
with a horizontal plane at a depth equal to dc ( = gi) l)elow the 
plane of the figure; and the point of intersection of these lines, 
is also a point in the intersection of the given inclined planes. 
Therefore, a straight line through h and k will b(5 the projection 
of the line of intersection of the inclined planes upon any hori- 
zontal plane. The direction of inclination of this line of inter- 
section will be downward in the semicircle that contains the dip 
directions of the given planes. The amount of this inclination 
may be found thus : froiri h erect a line, hi, perpendicular to hk 
and equal to de. Draw Ik. In right triangle hlk, Z.lkh is the 
dip of the intersection of the inclined planes. Zlkh may be 
obtained from the equation, tan Zlkh = Ih/hkf in which Ih and 
hk are known. 

Another method of solving this problem follows:^ 

‘‘1. Construct the angle ACB (Fig. 527), the sides of which 
have the directions of the strikes of the given planes, and produce 
one of the sides, as AC, so as to obtain the angle BCD, supple- 
mentary to the angle ACB. 

“2. On CD lay oflf CE, the graphic tangent of the angle of dip 
of the plane whose strike is AC (either using a tangent scale for 
this purpose or else obtaining the value of the tangent from trig- 
onometric tables and setting off this value according to any scale 
suited to the problem and the degree of accuracy required. The 
latter method is, in general, preferable, especially with very high 

1 After W. S. Tangier Smith, hi personal communicatSon. 
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angles of dip which are beyond the limit of the fixed tangent 
scale). 

‘‘3. On CB lay off (by the same scale) CFy the graphic tangent 
of the angle of dip of the plane whose strike is CB, 

*‘4. Draw EF and, through C, the parallel line CII. CH is 
the reqiiirc^d direction of inclination of the line of intersection of 
the two given planes. 



Fio. 327. — niagram for finding angle and direction of inclination of intenieotion of two 
two planea not parallel 

“6. Draw CG perpendicular to EF. The length of this line 
when determined in degrees by means of the tangent scale used 
for plotting CE and CF, will give the required angle of inclination 
erf the line of intersection of the given planes. This angle, it 
may be noted, is an apparent dip an^e common to the two planes. 

“By a sli^t modi^tion of the method just given, the cotan- 
ipnts of the angles of dip may be used instead of the tangents in 
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solving this problem, although the solution is a little less simple 
when the cotangents are used. The cotangents are especially 
useful when the dip angles are large and a fixed tangent-cotangent 
scale is used. 

“If the dips of the given planes do not exceed 10®, the numer- 
ical values of these angles may be used instead of the tangent 
values in solving this problem. This is of small im[X)rtanoe, 
however, since intersecting planes, both with low angles of dip, 
rarely occur. On the other hand, if the dips of the given planes 
and the angle of inclination of their line of intersection are 
between 80® and 90®, the numerical values of the complements 
of the angles of dip may be used in place of the cotangent values 
in the cotangent method of solving the problem. The error 
involved in using numerical values instead of tangent or cotangent 
values is small, not to exceed a few minutes. 

486. Point of Intersection between a Line and a Plane. 

Given: The dip and strike of a plane and the angle and direc- 
tion of inclination of a line not parallel to the plane. 

Required: The point of intersection of the line and the plane. 

Solution: Two cases are figured (Figs. 528, 529). The letters 
apply to both diagrams. MN is the trace of the given plane on 
a horizontal reference plane. MN will be used likewise to desig- 
nate this plane. ST is the projection of the given line upon the 
reference plane. Through a, that point on ST in which the 
given line intersects the plane of reference, draw OP parallel 
to line MN. liCt OP represent the trace of a plane containing 
the given line of which ST is the horizontal projection. From 
a draw ac making an angle with ST equal to the inclination of 
the given line From any point, on ST draw be perpendicular 
to ST: be As the depth of the given line below its horizontal 
projection, ST, at b. Draw qf perpendicular to OP and MN, 
through a. Tlmough b draw bd parallel to OP, intersecting of 
at d. From d lay off efe — 5c. Draw ae. Then /.doe is the 
inclination of the plane OP. 

From / draw fg, making an angle with of (produced in Fig. 
529) equal to the dip of the plane MN. fg must be drawn on 
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the side of line MN toward the dip of plane MN. In Fig. 528 the 
dip is on the right, and in Fig. 529 on the left, of MN. Produce 
ac until it meets fg at j. Through j draw kl parallel to line MN. 



Fig. 530. — Thickn<*.s8 of a <lip- 
ping layer, the land surface being 
level. 


Fio. 531.— Thickness of u dip])ing 
layei, the lantl surface sloping in a 
direction opposite (o the dip of iho 
layer. 


of tho lino of intersection of planes OP and MN at the <le[)th, kj, 
below fc. The intersection of ST and klj at iv, is the projection, 
on the reference plane, of the intersection of the given line and 
the given plane. 

486. Thickness of a Layer. — When an estimate is madf^ of 
the thickness of a stratum, dike, vein, etc., the calculation 
is usually based upon a distance meas- ^ ^ 

ured along a traverse perpendicular 
to the strike of the layer; that is 
to s^j-y, the breadth of outcrop must 
fii*st be known. For folded beds, if 
the deformation is complex, the 
breadth of outcrop should be meas- 
ured if possible along the axis of the 
fold rather than across the axis, for in this direction of least com- 
pression there is less likelihood of contortion and of other disturb- 
ing factors, and the results are less liable to error. 

Thickness can be measured directly only when tho surface 
of the ground or of an artificial excavation is perpendicular 
to the beds. In all other cases right angle computations must 
be made. Thus, in Fig. 530, ab is the breadth of outcrop and 
'be is the required thickness. I^t the dip (here angle hoc) be 
represented by 6. In triangle, ode, sin 5 « bc/ab, and, therefore, 
be ^ ab • sin 5. 



Fig. 532. — TKickru^HH of a dip- 
ping layfT, tin; land Murfacr Mlofung 
in the aanie direction ao the dip. 
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Two othc: cases are illustrated in Figs. 631 and 532. In 
Fig. 531 the strata dip 20° E. (6) and the surface of the ground 
slopes 10° W. Call the latter, t. We want to find the thickness, 
be. For the solution of right triangle abc 
^ we must determine the angle bac. Zdac 

= 20°,= 6. Zbad = 10° = ^. There- 
fore, 5 + t = 20° + 10° = 30°. Then, as 
in the first example, fee = a6 • sin (6 -f i). 
In Fig. 532 the beds dip 40° E. and the 
ground slopcis 10° in the same direction. 
The thickness, fee, is required, /.dab = i 
= 10°, the inclination of the ground, and 
/doc = 8 = 40°, the dip. Abac in right 
triangle abc = 8 — i — 40° — 10° = 30°. 
Therefore, fee = afe * sin (6 — i). 

If the traverse along which local meas- 
urements of dip and strike have been re- 
corded is oblique to the general strike, 
the dip data should be projected along 
strike to a line perpendicular to strike, as 
in Fig. 533. Across wide areas with variations in strike and in 
direction of traverse, several such adjustments by projection 
may be desirable, each for a strip of the terrain examined, and 
then the results can be added to- 
gether for the total thickness of strata 
traversed. 

487. Depth of a Point in an In- 
clined Surface. — Another problem 
that must be solved by right triangles 
concerns the depth, below the sur- 
face of the ground, of a point in an in- 
clined surface. Again, the calculation is based upon the breadth 
of outcrop. The problem may be illustrated by three cases. 
In Fig. 534 the beds dip east at an angle of 25° {/bac). , We' 
wish to know the depth, fee, of the bedding surface outcropping 
at^a below some point, 6, on the ground surface. In right 


1 ""' 

t 

Fi«. 533. — Skc>fch map of 
traverap a, b, e, d, obli^pie to 
atrike of beds exposed at iheae 
four pointa. For a aection 
perpendicular to the Htrike 
(«0. the dipH at a, c, and d are 
projected along the etrike to 
9t at pointa a', c^ and d', 
reapectively. 



Fig. 634. — Depth of 
surface, the land 
level. 


. inclined 
surface being 
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triangle abc, ah is ‘known and tan 5 = tan 26® = hc/ab. There- 
fore, be = ab tan 25®. 

In Fig. 535 the strata dip 26® E. and the ground slopes 16® W. 
ab is known. In triangle abd^ ad — ah ’ cos 15®. Also, bd 
= ab • sin 15®. In triangle ode, dc = ad • tan 25®. Therefore, 
be = (ab • sin i) (ad • tan 6), where i is the inclination of the 
ground and 5 is the dip. 

In Fig. 536 the ground slopes 10® W. and the beds dip 30® W. 
The depth of the bedding surface, ac, below a point, b, is required. 
ah is known. In triangle odb, db = ab * sin 10® = ob • sin i and 
da = ab ' cos 10®. In triangle ode, dc = ad • tan 30® = ad • tan d. 
Therefore, be = dc — db = (ad • tan 5) — (ab • sin i). 




Fig. 535, — Depth of an inclined Fio. 530. — Depth of an inclined 

Hurface where the sroiind slopes in surface where the land sloi»es in the 

the opposite direction. sarue direction. 

In App'endix XVI will be found a table for computing deptli 
and thickness. 

Observe again (as in Art. 486) that if measureraent-s in the field 
are made along a traverse oblique to the strike the dip data should 
be projected along strike to a line (or vertical section) perpendic- 
ular to strike for the solutions as given in Figs. 534 to 536. 

488. Determination of Strike and Dip When the Elevations of 
Three Points in an Inclined Surface Are Given. — Let a, b, and c, 
Fig. 537, be three points at which the elevation of the flat upper 
surface of hn inclined stratum is known. If the elevation at 
any two of these points is the same, the line between these two 
points is the strike and the direction of dip is along a line drawn 
from the third point normal to the strike line. The dip will 
be down toward the strike line if the third point is higher than 
the other two points, and it wiU be toward the third point 
if this point is lower than the other two points.' 
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If all three points have diflferent elevations, the strike and 
(lip may be obtained graphic^ally as follows: let a (Fig. 537) 
b<^ the lowest point (200 ft.), 6 be the highest point (260 ft.), and 
c be of intermediate ek^vation (240 ft.). The directions are, from 
a to by S. 30° E.; h to c, N. 75° E.; and a to c, S. 80° E. The dis- 
tances betw(M3ii i\w. stations are known. Having scJcM^ted a con- 
V(uii(‘nt horizontal scale, ])lot th(‘se stations in th(;ir (!orre(*l 
relative positions. Draw' ahy the line connecting the lowest and 
highc^st points. At h erect a pcirptmdicular to a6, and on it lay off 
bd = the difference in altitude between a and 6, here 260 ft. — 
200 ft. = 60 ft. This should be done on the same scale as the 
adopted horizontal scale. Lay off de = the difference of eleva- 


ar^oo) 



Fio. 637, — Determination of dip and strike Iium thiee points in an inclined surface. 

tion between a and c, here 240 ft. — 200 ft. = 40 ft., oii the 
aciopted scale. Draw da and, parallel to it, draw" ef. Draw /c, 
which will be the line of strike of the stratum. From b draw a 
line perpendicular to /c, meeting fc at g, hg is the direction of 
dip. From g lay off gh, e(iual to the difference in altitude of b 
and c, here 260 ft. — 240 ft. = 20 ft. Draw bh. Angle gbh is 
the angle of dip. The direction of strike and dip and the angle 
of dip can be determined by measurement, since th^ diagram is 
drawn to scale in reference to north-south and east-west coordi- 
nates. db need not be perpendicular to ab for the solution of 
this problem. 

Dr. W. S. Tangier Smith^ has outlined a simple method for 
determining the strike in this problem, as follows: 

* , ^ ^ P«rdcaal communication. 
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1. Having platted, on a map or a separate sheet, the three 
given points, A , and C (Fig. 538), A being the highest and C the 
lowest, measure, as accurately as possible, the distance between 
A and C on the plat. Let us suppose the measured distance to 
be 1.242 in. 

**2. Determine the difference in elevation between A and B] 
also that between A and C, Express these two difTerences as a 
ratio, in fractional form, and reduce this ratio to its simplest 
terms. If, for example, the difference 
in ele\’^tion between A and B is 70 ft., 
and that between A and C is 230 ft., the 
ratio of these differences, expre^ssed 
fractionally ^ 3 o and i e d u c e d to 

simplest terms, is 7^3. 

^‘3. Multiply the measured distance 
between A ami C by the fi actional ratio 
obtained from the differences in eleva- 
tion. The resulting distance, when 
laid off from A, along the line i4C of 
the plat, will give the point D. Using 
the figures given above, the distance 
AD == 1.242 in. X 7^3 = 0.378 in. 

‘‘4.* D is the plat of a point lying in the given plane and having 
the same elevation as the point whose plat is B, The line BD 
will, therefore, be the required strike of the plane.*' 

The following graphic method of obtaining the attitude of an 
inclined bed from three given points on the bed has been sug- 
gested by W. S. Tangier Smith as a modification of Moon's 
method.* For illustration of this problem, assume that tlie 
three points,* a, 6, and c, (as in Fig. 537), are on the top surface 
of a certain stratum where this stratum is intersected by three 
drill holes. Let the elevations of a, 6, and c, be 830, 860, and 
900 ft., respectively, above sea level. Each of these elevations 
was obtained by subtracting the depth of the stratum below the 
mouth of the well from the elevation of the mouth of the well. 

^ Bibliog., Moon, F. W., 1913. 



Fio. 538. — OfURrnm for deU-r- 
niiniiiR Htrike oi a plane in which 
three points, not in Hainc straight 
line, arc known. 
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Tho sites of the wells arc plotted to scale. Take the differences 
of elevation between the intermediate point, 6, and the highest 
and lowest points, respectively. These differences are here 30 
ft., 6 — a, and 40 ft., c — 6. With compasses describe circles 
round the location points for a and c, using any convenient 
scale for the radii, and making the radius in each case proportional 
to thc^ differences of elc^vation, reduced to lowest terms (t.e., 3 and 
4 in this (example). Draw one (or both) of the interior tangents 
common to the two circles. Then, the intersection of the tan- 
gent (or tangents) with line ac will give point d. Line bd will be 
the re(|uired line of strike. How may the dip be found in feet 
per mil«‘? 

489. Determination of Strike and Dip from Two Components. 

'rhe geologist, sometimes finds it necessary to determine true dip 
and strike from observations made on components of these quan- 
tities; in other words, true dip and strike, for one reason or 
another, may not be subject to direct measurement. Following 
are examples of grai)hic solutions of this problem: 

1. Li‘t us assume that the amount of inclination from the 
horizontal (i.c., dip component) and the direction of this inclina- 
tion are. recorded, respectively, as 6® and N. 20*^ W., as measured 
on a certain horizon cxposeil on one side of an outcrop, and that 
the similar ejuan titles are 8® and N. 60® E. on the same horizon 
on another face of the same outcrop. The same conditions 
might apply to a given stratum exposed at two widely separated 
outcrops, say on opposite sides of a valley, or of a ridge. To find 
the true dip and strike of the horizon (top or bottom of a bed, 
etc., etc.), proceed thus:' 

Lay off a long north-south line on a sheet of paper (Fig. 639, 
NS). At any convenient point, a, on this line, lay off 'with a 
protractor the lines am and ap with the bearings N. 20® W. and 
N. 60® E., respectively. At a draw perpendiculars to am and 
op with the protractor, and on each lay off equal distances, ad 
and ae, any cpnvenient length being used. From d lay off a 
line at an angle of 6® to am and intersecting am at 6. From e 
4ay off a line at an an^ of 8® to ap, intersecting ap at c. 

^ S^Qwhat modified, after |Cit8on. See Bibliog., Kxtson, H. W. , 
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Draw hCj which in the lino of strike of the inclined horizon. 
The strike of this horizon is the iicute anj^le, ^ob or coS, 
which may be measured with the protractor. Here it is S. 28® E. 

Draw af perpendicular to be from a. At a draw a line ag, 
perpendicular to «/, and lay off ag equal to ad. Draw fg. Thcui 
angle afg is the true angles of dip 
of the inclincfl horizon. As 
measured by protractor, this 
angle is here 9® SW. 

Where the vertical angles of 
the components are small, a more 
accurate method is to lay off the 
natural cotangents of the vertical 
angles along lines am and ap, 
respectively, to a convenient 
scale, thus locating points b aiul 
c without drawing the perpeiulic- 
ulars ad, ae, and ag or platting 
the vertical angles. Then be is 
drawn, and af is drawn perpen- 
dicular to be. Thus, the natural 
cotangent of 6® Is 9.5144; that 
of 8® is 7.1154. Therefore, scale 
off ah = 9.5 and ae = 7.1, With the same scale measure af, 
which is here 6.1, w^hich is the natural cotangent of the true 
angle of dip, namely, just under 9®.^ 

If dips are so low that they are recorded, not in degrees, but in 
feet per mile or as 1 ft. in so many feet, a method described by 
Rich® may be used. Let us suppose that field observations indi- 
cate a dip chmponcnt of 1 ft. iti 50 ft. in the direction N. 30® W. 
and another dip component, on the same horizon, of 1 ft. in 
125 ft. in the direction, N. 50® E. (if the vertical difference in 
elevation is recorded as inches in so many feet, the ratio should 
be raised or lowered to the form 1 ft. in x ft.). The observations 

^ Thin method is described by Kitson. See Bibliog,, op, cU. 

* Bibliog., Rich, John L., 1932. In a later note Rich credited this method 
to Prof. G. D. Harris (Am. Assoc. Petrol. Qeols., Bull., vol. 20, p. 1496, 1936). 


N 
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r»39. — DetcTrniriation of ntrike an«i 
dip from two coiiiponeniH wlieit* dipH nr** 
meaMured in dvKreeH. 
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are then plotted. From a convenient point, a (Fig. 540), on a 
nortli-south line (NS), draw a line, am, bearing N. 30° W. and, 
using any c()nv(»ni(?nt scale, lay off on it a distance ah equal to 
50 units. Draw a lino ap and on this measure ac, equal to 125 
units on the scale adopted. Draw he, which is the true strike. 
Draw cul perpciidi(!ular to be from a; ad is the direction of the 
true dip, the amount (angle) of which can be ascertained by 
s(;aling off the distance ad. This is 48. In other words, the true 
dip is I ft. in 48 ft. in a direction N. 17° W. 

490. Slip and Shift of Faults. — A visible displacement between 
corresponding points in the brok(‘n sides of a faulted dike, 



vein, or other recognizable 
structure, is almost never the 
true displacement (net slip) of 
the fault, for there is small 
chance that a surface of ero- 
sion or an artificial section wdll 
coincide with the direction of 
the net slip which, as W'e have 
s(^n, may lie in any position 


in the fault surface. Conse- 


Fio, 040. ■ Dotfi miiiiitiou of Htrik .« dii quontlv, direct measurement 

from two (Mintpuiii'titN whort* dips t itioas , . ' i. . ^ ^ 

ured in ftM t prr luiW. Ot Iict slip IS SCldom pOSvSlblO. 

Likewise, estimates of shift, 
when based merely upon superficial evidence of dislocation, are 
apt to be incorrect. Yet in nearly all cases where fault measure- 
ments arc to bo madi> — and they must often be made — the net 
slip or the net shift is the quantity which must be obtained. This 
is done by the solution of right triangles, as will be explained 
below. * 

All fault computations depend upon facts observed and 
recorded in the field. When, for one reason or another, a geolo- 
gi.st suspects the presence of a fault, he should search for the 
following: (1) the attitude of the faulted dike, bed, vein, igneous 
contact, etc. ; (2) the measure of the visible displacement along an 
eij^Kioed pprtion of the fault; (3) the amount of gap, overlap. 
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repetition of vstrata, or omission of strata, if such relations exist 
( 192 , 194 , 196 ); (4) the strike and dip of the fault; (5) the atti- 
tude of the fault with respect to the disloeat(‘d stru(^tures; (6) 
the direction of slipping of the blocks as indicat<»<l on the fault 
surface ( 188 ); (7) the direction of relative displa(‘<^raent of the 
blocks, i.e., which seems to have moved in a certain direction 
with respect to the other. 

With reference to the first two factors, dislocated structures 
may change their attitude in the immediate vicinity of the fault 
( 191 ), and consequently, if displacement is visible af (he fault 
it may be related to slip and not to shift; but shift is the (juantity 
most desired and the one which will probaldy be obtained when the 
displacement is not visible along an (exposed fault. This last 
remark applies especially to gap, overlap, repetition, and omission. 

Since a majority of large important faults are more or less 
concealed, their attitudes with respect l)ot.h to a horizontal jdaru* 
and to the structures which they inters(H*t must oftc^n be found 
in the field by indirect observations. If a fault can be approxi- 
mately located at several points in a hill-and-valley topography, 
its line of outcrop can be plotted on a contour map and its atti- 
tude can be determined from its trace ( 476 ). 

The sixth factor, the direction of slipping, is be^t ascertained 
by slickcnsidcs and other features on the fault surface ( 188 ), 
but these cannot always be seen. The same information can 
be secured in another way if two intersecting structures are cut 
by the fault. For example, let the structures be a dike and 
a bed. The attitudes of dike, bed, and fault, must have been 
recorded in the field. Construct a diagram as described in Art.. 
484 , and so determine the position of the line of intersection of 
any chosen Surfaces in the dike and the bed. Then find the two 
points at which the separated portions of this line — one in each 
block — ^meet the plane of the fault ( 486 ). These points, formerly 
in contact, will show by their mutual relation the direction and 
amount of the slip (or shift). 

This method is not practicable when the fault is parallel to the 
line of intersection of the dislocated structures. Furthermore/ 
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while it may give essentially correct results for slip or shift, as 
these have been defined, it is subject to misinterpretation as 
regards the true direction of slipping, just as are slickensidos, 
if there was any change in this direction btifore tlu^ faulting c(‘as(^d 
( 188 ). It indicates merely the nvsultant of the combined 
movements. 

We shall now supposci that enough data have been secured in 
the field to make possible the necessary computations. If the 
required quantities can be obtained by reference to but one right 
triangle, the figure should be drawn to scale; but if, as is usually 
the case, the problem demands the solution of two or more right 
triangles in different ])lanos, these are best constructed in block 
diagrams made in cabinet or isometric projection ( 467 ). This 
is the most satisfactory method of visualizing the complex 
relations of faulted structures. This warning, howx'vcr, must 
be heeded: in block diagrams you canuot conslruct all angles and 
lines to scale on account of the unavoidable distortion due to 
projection. 

Below are outlined a few examples to illustrate the use of right 
triangles in solving fault problems. Although the first one might 
just as well be represented in a plane figure, it is shown in a block 
diagram so that it may be compared with the more involved cases 
that follow. In all these examples the surface of the ground 
(upper surface of the block) is regarded as horizontal and the 
fault surface is assumed to be flat. 

1. Given: A vertical strike fault intersecting a series of beds 
which dip 40® due east. The displacement was* vertical. A 
knowledge of the stratigraphic sequence in the region proves 
that a certain thickness of beds is missing. 

Required: The net slip (or net shift). 

Solution: Construct a block diagram in cabinet projection, 
having its front face in the plane of the dip of the beds (Fig. 541). 
Draw lines for the stratification and the fault. Field observa- 
t^s prove that the east block dropped with rc^spect to the west 
^;pock, for beds are missing on the east side of the fault trace, 
feaw a right triangle, a6c, in which one leg, be, meets the point 
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c, which was foriherly in contact with a, in the west block, he 
is th(^ thickness of the missing beds and the hypotenuse, oc, 
is the required displacement. Since be is known, and Zbac 
= Zdac — /.dab == 90° — 40° = 50°, ac may In; found by the 
equation, sin /bac — sin 50° = be/ac, 

2. Given: The same conditions as those stated for Problem 
1, with the exception that the direction of slipping is inclined 
southward (forward in the block) at an angle of 30° to tlu^ horizon. 



Kig. 641,— Dianramfoi find- 
iriR the slip of a vortioul tlip- 
slip Htrikc fault. 



Fig. 542. — DlaKram for 
limliiig the elip of a vertical 
uhliqtu^-Mlip ntrike fault. 


Required: The net slip (or net shift). 

Solution: Construct triangle abc (Tig. 542) as in Problem 1, 
and determine the length of ac. ae is the outcrop of the fault. 
Let f, in the west block, be the point which was once in contact 
with c in the east block. Draw cf. Then c/ represents the 
amount of actual displacement. Triangle afe is a right triangle 
seen in projection, and Z.afc = 30®. fc may be obtained from 
the equation, sin Zafe = sin 30® = ae/fc, for ac has been found 
already. 

3. Given: A strike fault dipping 70® E. and intersecting a seri^ 
of beds dippfng 35® E. Field ob-servations demonstrate repetition 
of beds in a strip having a breadth, B. Movement along the 
fault was in a direction inclined 20® S. 

Required: The net slip (or net shift). 

Solution: Having constructed, in cabinet projection, a block 
diagram showing the relations given (Fig. 543), first determine 
ac, the dip component of the net slip (or net shift ),. m follows: a, 
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in tho west block, and d, in the east block, are two points at the 
same horizon in the bedding. The distance between them, ad, is 
the breadth of outcrop, of the repeated strata, d/j, the thick- 
ness of the repeaU'd ImhIs, may b<' found from the ecpmtion, 
sin /.dah = sin 35° = Ud/ad. Draw ac from a perpendicular to 



Fig. 54.3.--~niaffriiin ftir firuliiiK Oie ftlip of iiti iiirliiipd obliqiio-Rlip strike fault. 

gCy the stratigraphic horizon in the west block that corresponds to 
ab in the east block. In triangh's gae and abdy ac -= bd. There- 
fore, in tiiangle acc, ae is known and Zacc = Z6ac = Adac — 
jLdab = 70° — 35° = 35°. ac may be found from the cciuation, 
sin /lace = sin 35° = ae/ac. 



Fia, 544. — Diagram for finding the slip of uii inclined dip-alip dip fault. 

Now let / be a point in the west block that was* formerly in 
contact with c in the east block. Then c/ lies in the fault and is 
equal to the net slip (or net shift). Erect the line eh from c 
perpendicular to ad and draw h/. Triangle hfc is a right triangle 
seen in projection and /Ihfc — 20°, the inclination of the direc- 
tion of movement of the faulting. Likewise, triangle akc is 
right triangle in the plane of the front face of the block diagram. 
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In triangle ahc, iLhax: = 70® and ac has been detenniniHj. hr 
may be found from the equation, sin Zhac = sin 70® = hc/ar. 
In triangle ft/c, fc may be obtained from the cciuation, sin ^hfe 
= sin 20® == hc/fc, 

4. Given: A dip fault dipping 37® E. and intei*se(?ting a series 
of strata which dip 23° S. The fault is a dip-slip fault. 

Required: The net slip (or net shift). 

Solution: Construct a block diagram (Fig. 544) in cabinet projec- 
tion as in the previous cases. Let ab be the net slip (or net shift), 
and let ac be the measurable offset. 1 )raw 5c, the trace of the bed- 
ding plane, 5cd, on the fault plane, abc. Draw ce parallel to ai) and 
draw be parallel to ac. From e draw ef perpendicular to cd, and 
from b draw bg perpendicular to ah. Draw gf and bf. In triangh' 
beff be = ac, which is known, and /.ebf == = 23®, the dip of 

the beds, ef — be ‘ tan Aebf. In triangle cc/, Zee/ = 37®, the dip 
of the fault. Therefore, cc, the net slip (or net shift) = ef/m\ /Levf. 



CHAPTER XXII 


PREPARATION OF GEOLOGIC REPORTS 

The Repout ab a Whole 

491. General Instructions. — Not only must the professional 
geologist be conversant with methods of rewarch, but also he 
must be able to set forth the results of his work in good, concise 
English. The practice obtained in writing gciologic reports in 
college courses is seldom long enough to be thorough. The 
student should therefore make the most of his opportunities 
while they last. He should plan his theses a.s if they were 
intended for publication, even though he may not actually con- 
template publishing. The unavoidable differences between 
course theses and manuscripts fur publication are very few 
indeed. They will be pointed out in the later pages of this 
chapter where detailed instructions are given for the preparation 
of reports. 

Certain directions of general application may be noted in this 
place. Endeavor to use clear, idiomatic English. Avoid collo- 
quial and slang phrases. Be heedful of punctuation and spelling. 
Remember that the words “data,” “strata,” and “phenomena” 
arc plural forms of which the singular forms are “datum,” 
“stratum,” and “phenomenon” respectively. We say “data 
are,” “strata are,” “phenomena are”; and a “datum is,” “a 
stratum is,” or “a phenomenon is.” Avoid repetition of words 
or phrases, but never at the expense of perspicuity. There are 
many students who seem to have an idea that these are matters 
of small moment, and who object to criticism which they think 
■should be c<mtined, in a geologic thesis, to geologic matters. 
They should realise that slovenl}' writing is as detrimental to 
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their p]-ofossion iis is careless field or laboratory work.* In 
writinf? a professional report for a client not too well versed in 
gtiology, ilo not be too booky. Aim to make your report simple 
and easily intelligible' to him. It will do you no harm if you 
substitute common words and expressions for more technical 
terms with which you yours(‘lf may have become familiar. 

The (iu(\stion is fre(]uently asked, “How long shall 1 make my 
rej)ort? ” This cannot be answered in terms of pages. Treat the 
theme from all points of view; omit nothing which will serve to 
elucidate the subject; but be concise. Aim to be brief and 
thorough. Let there be no mistaken in your reader^s mind 
between what is fact and what is theory. Also, be conscientious 
in acknowledging outside sources of important information, 
whether these were conversations or published works. 

After you have complet'd your paper, number the pages and 
see that all page citations in the text arc correctly filled in. 
Never submit the final copy of a thesis or of an article for publica- 
tion until you have examined it critically for mistakes. 

As for the paper, use sheets about 8} i2 by 1 1 in. Write on one 
side only. Leave a margin at least 1 in. wide (»n all sides. 
Double space the lines if you typewrite, and use a typewriter 
whenever possible. 

492. Parts of a Manuscript Report. — A finished gcK)logic 
report, in manuscript form, has a title page, a table of contents, a 
list of illustrations, the text, the illustrations themselves, and, if 
the paper is ver^' long, an index, and a bibliography. These may 
be called the “parts” of the report. First, the text is written; 
then the illustrations, which have already been roughly drawn to 
assist in composing the text, are completed in final form; and the 
remaining parts are prepared last. 

The Text of a Geologic Report 

493. Order of Topics. — Before beginning to write a paper, one 
should consider the order of presentation of the subject matter. 

1 Geologists are strongly recominended to peruse pp. 6-22 in Wood's 
“Suggestions to Authors." Bibliog., Wood, G. M. 
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'riu* topics should b(‘ arranged in the sequence of their depend- 
vnvvj that is to say, in a sc^quencr* wucli that eacdi chapter is as 
little fis possible <u)nting<‘nt, for intelligibility, upon th(^ chapters 
that succeed it. This is difficult to carry out for there is always 
more or h'ss intnrdc^ptaidence of subje(*ts. 

UifTerent reports, of cours(‘, must bo drawn up in different 
ways. Papers of a specu’fic charac^ter, usually those* with a purely 
economic motive, may lu^ed individual planning. Papers of a 
general scientific nature, both coumo theses and articles for pub- 
li(tation, may often be arranged in accordance with a s(‘t outline 
like that given below : 

CiENERAL Outline for a Geologic Report 

Ahstriict (for an article for piihlicaiioii). 

Introduction. 

Location of area. 

Size of area. 

PurpOHO of investigation. 

Method of investigation. 

Acknowledgineiits. 

Suniinary and conclusions. 

Rcjconirnondatlons (in a pajier with a practical object). 

Geography. 

Tlelief and eh*vations, 

To})ography. 

Drainage. 

Vegetation. 

Rock exposures. 

Stratigraphy and petrography. 

Rogiounl, or general. 

Local, or detailed. 

Geidogic structure. 

Regional. 

Local. 

Structural development. 

Geologic histoiy'. 

Kcononiic considerations. 

These headings will now be discussed in order, 

4M. AbstrsK^i^An abstract — that is, a very much condensed 
pn^sentation of the essentud facts and conclusions — should appear 
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immediately following the title of a paper intended for publica- 
tion. This enables the reader to find out in a very short time 
just what the paper treats and whether or not, from his stand- 
point, it warrants his careful study of the main body of the 
report. 

496. Introduction.^ — In the introduction of a geologic essay 
briefly outline the lo(;ation of the region to be described and 
the best ways of reat^hing it from the nearest cities. State its 
shape and area, and mention in what manner and to what extent, 
if at all, the district has been put under culture by man. Add 
a short exi>lanation of the method in which the field work was 
conducted. Especially in economic papers, tell the reason for 
making the investigation and writing the report. Con(*lude this 
section with a paragraph acknowledging important sourc(»s of 
information and giving credit to those persons who hav(s fur- 
nished assistance in compiling or preparing the report. 

496. Summary and Conclusions. — The usual place for a sum- 
mary is at the end of a paper, but in scientific literatul*e dear- 
ness is gained and time is saved for the reader by putting this 
section immediately alter the introduction. Notwithstanding 
its position, however, the summary should not be written until 
after the main text is finished. It is in no sense introductory. 
It should be a very concise review, in outline form, of the prin- 
cipal facts and inferences of the report. The reader should be 
able to acquire a true perspective of the scope and concluKions 
of a paper by looking over merely the introduction and the 
summary. 

In economic papers the summary and conclusions should be 
followed by the recommendations. 

497. Geography. — Under this head are discussed the relief 
and drainage of the field area, the nature of the topography, the 
abundance, shape, and size of outcrops, the relations of outcrops 
to topography, and the general distribution of surface deposits. 
Unless these subjects have an important bearing upon the 
geology proper, they should be briefly treated. In some reporta 

^ Bibliog., Wood, G. M., p. 30. 
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1-ho topography may bo takon up with advantage in the 
introduction. 

498. Stratigraphy and Petrography.— Stratigraphy refers par- 
ticularly to various rock formations (called map units if they are 
shown on a map) in their individual characteristics and in their 
relations to oik^ another. Tha description of the rocks thcnnselves 
])(‘longs under the head Petrography. 

A bri(rf discussion should first be given of the regional or general 
stratigraphy and petrography. Then, in chronologic order, each 
map unit (formation, rock body) should be described in detail 
and with reference to its local aspects. 

In giving the detailed outline of the rock formations, or map 
units, the following items should receive attention: 

A. For sedimontary (and mctamorphos<‘d sc‘dimontary) rooks: 

1. Name of rock or formation or map unit. 

2. A real distribution (may include nature of outcrops and topographic 
expression). 

3. [.(ithology (list visible mineral and rook oonstituents; give such oharao- 
teristios as texture, color, fresh or weathered ; also, describe lithologic 
structures such as ripple-mark, foliation, <*t.c.). 

4. Thickness (state method of measuring thickness and probable a(‘cu- 
racy of this measurement) (see jilso Art. 499 '). 

5. Origin (source of sediment and conditions of deposition). 

0. liclations to underlying and overlying rocks (conformable or 
uiiconforinable; here should be described nature and extent of 
unconformities). 

7. Age and correlation (give method of determining age, and tell how 
certain the correlation is). 

B. For igneous (and metamorphosed igneous) rocks: 

1 . Name of rock or formation or map unit. 

2. Areal distribution (may include nature of outcrops and topographic 

expression). , 

3. Lithology (give mineral composition and approximate percentages of 
different minerals; also texture, internal structure, etc.). 

4. Thickness (of flows, dikes, etc,). 

6. Origin (intrusive or extrusive; depth at which intruded, or conditions 
of extnimon; otlier pertinent data). 

6. Relations underlying and overlying rocks, or to wall rocks. 

7. Age and correlation (give method of determining age, and tell how 
certain the correlation is). 
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499. Geologic Structure. — This is the section in which tlu^ 
geologic structure and the mutual field relations of the different 
ro(*,ks are to be described and explained. Consider here the 
mode of occurrence of the rocks; the contact phenomena of igne- 
ous rocks; the spacial relations of magmatic differentiates in an 
intrusive body; the attitude of dikes, veins, beds, etc.; the nature 
of folding; joints; faults; cleavage; schistosity; and other like 
features. In this section, too, measuremcMits of brcjadth of out- 
crop and thickness of beds may be taken up in detail, since these* 
are related to folding, etc. Computations for the heave, throw, 
strike-slip, dip-slip, and other items of fault displacement should 
be made. Discuss the several topics which r(‘lat(* to your par- 
ticular problem in some rational order. Whenever appropriate, 
refer to the geologic maps and se(*tions to illustrate your 
statements. 

In comprehensive reports, discuss the stru<rtural development 
of the area. Explain how the structur(*s originat(‘d, giving atten- 
tion to directions and points of application of for(*cs, role playecl 
by competent and incompetent beds, etc. Serial or consecutive? 
maps, sections, and block diagrams are of value in this discussion. 

600. Geologic History For some reason students seem to 
find it hard to understand just what they should write undtjr the 
caption, geologic history. There is really no great difficulty in 
the matter, provided the facts arc at hand, if this one important 
rule is heeded: describe the events in the natural sequence of their 
occurrence. Here is an example: suppose that a certain region is 
underlain by a folded sedimentarj’^ series w^hich is unconformably 
related to an older body of schists and injected granitic rocks; and 
suppose, further, that most of the bedrock in the district is 
covered by facial deposits, and that the outcrops show evidence 
of glacial abrasion succeeded by more or less weathering. In 
the section, geologic history, of a report dealing with this par- 
ticular area, one should describe the events in the following order: 
(1) origin of the schists; (2) intrusion of the granitic rocks; (3) 
erosion of these schists and igneous rocks (the lower uncon- 
formity); (4) accumulation of the stratified series; (6) folding of 
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the strata (and probably of the older rocks and structures) ; (0) 
erosion culminating in glacial abrasion, (7) deposition of glacial 
materials; (8) postglacial weathering. No doubt other phe- 
nomena, such as jointing and veins, would be found in a region 
of this kind, and these should be mentioned in their proper 
I)laces in the account. 

In the geologic history, then, the mode and conditions of 
origin of the various rock masses and important structures 
should receive consideration. Likc^wise the topographic forms 
should be described with res])ect to their origin and in relation 
to physiographic cycles (('hapU^r XII). Some authors include 
this last subject under gcommphology as a separate heading. 

Try to determine the geologic agci of each event. For this 
part of your report you will find that the fiekl notes on the; rela- 
tive ages of the different obscrv^nl phenomena are indispensable. 

601. Economic Considerations.— Geologic facts that have a 
practical bearing and facts pertaining to (economic operations 
already in progress are reserved for this chapter. Here should be 
described the pits, (piarries, mines, or wells of the district, the 
products extracted, the values and us(\s of these products, and 
the available means for their conveyance to the nearest transpor- 
tation depot. The subject of the resources not yet touched 
should also be treatcnl, their nature, distribution, and extent, 
and the approximate cost of handling them. Recommenda- 
tions based on these facts are usually presented early in a prac- 
tical report in order to save the time of the reader, who is likely 
to be a busy executive. 

Parts Othkr than the Text 

602. Quotations and Footnotes. — Direct quolbations from 
the works of other authors must be identical with the original, 
except that typographic errors may be corrected. 

Before making a footnote an author should carefully con- 
sider whether the matter does not belong in the text. Proper 
footnotes consist chiefly of references to the literature of the 
^imbject discussed. For reference marks superior figures 
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should be used.”* ... In the nianuseript each footnote 
should be vvrittcni immediately below the line in whieh the ref- 
erence mark appears and should be separated from the text above 
and below it by dotted, dashed, or full lines. Footnotes should 
be arranged according to a standard pattern, as in the following 
examples : 

Oeikib, Archib\ld, Text-book of geology, 4th i*(l., vol. 1, 1003, p. 49. 

Dana, J. D., Volcanic eruption.s of Hawaii, Ain. .loiir. Sci., 2d ser., vol. 
10, 1850, p. 235. 

Akcthbald (jEikie. Text-book of Geology, 4th cd. 0903), I, 49. 

J. D. Dana, “Volcanic Eruptions of Hawaii,” Am. Jour. Sci., (2), X 
(1850), 235. 

ObserA’e the details of capitalization, abbreviation, pun(;tuation, 
and order in these examples. Notice, also, the differences 
between the first two and the last two. Either way is correct 
and eitlu^r way may be adopted; but consistiuicy demands that 
only one be used for all citations in a given manuscript. If you 
are preparing an article for some particular journal, adapt your 
footnotes to the method practiced by this journal. 

603- Dlustrations.^— Figures are illustrations which arc printed 
with the text and which arc usually smaller than a printed page. 
Full-page illustrations in the published article are usually printed 
apart from the text and are then known as plates. All illus- 
trations larger than a printed page are plates in the .sense that 
they are made separately. 

With regard to manuscripts, the illustrations should be num- 
bered in the sequence in which they are referred to in the text. 
The nujnber^ name, and description of each figure should be 
given at the place where it is to appear in the text when published. 
The number, name, and description of each plak should be 
written on a separate sheet of paper, and the place where it is 
to be found in the publication should be clearly indicated. The 
original figures and plates themselves are not kept with the 

^ Bibliog., Wood, G. M., p. 16. 

* Ibid., p 26. 
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ioxt; they are put together in an envelope, and each is properly 
numbered. 

Ordinarily maps and sections should be made in black and 
white, for the r(?production of colors is expensive. All black 
line work is to be done witli India ink. Put shading in, not by 
a back-and-forth scratching motion, but by repeated strokes in 
one din'ction. The outlines of the illustration may be lightly 
sketched in pencil before finisliing in ink. 

If possible, when drawing for publication, make the illustra- 
tions larger than they an* to appear in print, for their details are 
often brought into sharper contrast by nnluction than by copy- 
ing in the original size. Lettering must l)e large enough for the 
reducing process to make it of proper size. It should never be 
sf) small t hat, when i)rinted, the lower case figures and numbers 
are hiss than '<50 hich in height. For easy legibility, they 
sliould be a little larger than this minimum size Illustrations 
on paper over 8*^ by 11 in. may be folded for course theses, but 
never so for reports to be published. In the latter case they 
should be s(*nt rolled or flat. Always he neat. Do not submit 
untidy drawings (uther for publication or for course theses. 

Directions for the construction of geologic maps and sections 
have been given in Chapter XIX. A few more suggestipns of 
practical import may be added here. In preparing a geologic 
map in black and white, only enough of the details of relief, 
drainage, and culture, need be shown to enable the reader to 
ascertain from this map the locations of geologic features in the 
field. Prominent hill crests, rivers, lakes, railroads, town lines, 
and a few of the more important roads, ma}'' be traced from a 
topographic map and used as a base for plotting the geology. 
In more accurate work, a finished topographic base map must be 
employed. It is often a good plan to make two maps on the same 
scale, one to represent the bedrock and the other, the superficial 
deposits and outcrops. You should also furnish a small-scale 
index map of the surrounding country with a small recitanglc 
marked on it to indicate the exact location of the mapped area 
.^f investigation (Fig, 646). 
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Both maps anil sections may be drawn on ordinary tracing 
cloth, from which, if desired, blue print copies can be made. 
Geologic sections should first be sketched on profile paper so 
that the measurements can be made' ac(*urately and quickly bir 



Fio. 545. — An index map. {Van Ham Folio, iVo, U.8.0.8,, 1014.) The heavily 
flhaded ar^a is the location of the Van Korn quadrangle of which the geology is discussed 
in the Van Horn f^olio. 


horizontal and vertical scales. Then they may be traced on 
the cloth. Line drawings for illustrations, if not traced, should 
be prepared on the thinnest grade of Bristol board. For photo- 
graphs, which should always be in sharp focus for scientific 
purposes, gloasy prints should be submitted. Do not fail to 
assure yourself that each of your illustrations has on it all the 
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data necc\sHary to make it .serviceable and comprehensible (443, 
465, 468, 472). 

504. Table of Contents, Index, Etc. — There remain for con- 
sideration the table of (sontents, list of illustrations, bibliography, 
ind(^x, title page, and the cover. The table of contents Ls a list 
of headings and subhc'adings u.sed in the text. Kach division, 
with the page on which it is to be found, is noted on a separate 
lino. The wording is to be literally identical with that employed 
in the text. Differ(‘nces of rank are indicated by indentation, 
the subordinate s(‘ctions being set in some^what to the right of 
those of next higher degree. The list of illustrations has only the 
names of figures and plates, not the accompanying legends. 
The pages on which figures appear and the pages facing plates 
are recorded on th(^ right opposite the api)ropriate illustrations. 
The bibliography, which is best placed at the* end or just before 
the index, is a catalogue of all books and articles referred to in 
preparing the report. It may be arranged alphabetically by 
authors, or chronologically. The utility of a lengthy bibli- 
ography may bo enhanced by groiii>ing the references according 
to subject. 

An index is not necessary except for long articles and books. 
If one is undertaken, it should be comprehensive and thorough, 
for a deficient index is far worse than none at all. 

After the report is complete it should be .securely bound in a 
cover of some kind either by stitching or by metal fa.stener.s. 
On the front of the cover are the title of the report and the 
author’s name. In college reports the date on which the paper 
is due is also on the cover. The title page bears exac.tly the same 
information as the cover. Always strive to make the title brief 
and to the point. 
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606. Definition and Classification. — By geophydcal surveying 
is meant the making and interpretation of certain physical meas- 
urements with the object of furthering the study of subsurface 
geological conditions of stiiieture or mat(M*ial. Such surveying 
has been used in the ma])ping of ore deposits and oil-bearing 
structures and also in resc^andi in pure geology. I'he measure- 
ments are made by scmsitive instruments of one kind or another, 
according to the particular type of geophysical results desinai. 
The more important classes of geophysical work are >)ased on 
the measurement of variations in: (1) gravity; (2) elastictity; (3) 
magnetic susceptibility; and (4) ele<*trical . conductivity. To 
these may be added (5) measununent of variations in temp(»ra- 
ture and (0) measurement of variations in radioactivity. These 
methods are designated, respectivtdy, as (1) gravimetric; (2) 
seisniic, or scismographic; (3) magnetic, or magnetometric; (4) 
electric; (5) geothermic; and ((>) radioactive. Some of these 
methods — those that involve measurements in drilled hoh^s, 
such as electrical logging, geothermic observations, measure- 
ments of gamma rays — have been discussed under Subsurface 
Geologic Surveying (Arts, 430, 432, and 433) and under Sub- 
surface Maps (Arts. 469 and 460). The present chapter concerns 
the field methods in geophysics, those methods that require 
field surveying and the collection of data by observations at, or 
very near, the surface of the ground. These fall mainly under 
the first four methods listed above. As Barton^ has pointed out, 
in all four of them three steps are recognized: (1) the mapping 
of the areal variation of some physical effect at the earth’s sur- 

‘ Bibliog., Bahton, Donald C., 1930 <a), pp. 201-202. 
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face; (2) the determination of the sul).snrfaee distribution of some 
physical property eonne<‘,t(Hl with jdiysical effect mapped; 
and (H) the interjin^tation of th<‘S(‘ physical prop(*rti('s and their 
distribution in terms: of jreologic structure. 

The four fichl ni(»th(Kls of gc^ophysical surveying have been 
ably compar(‘d and contrasU^d by VVejn c'r,’ from whom we quote, 
with a few' slight (diangc's: 

**Th(‘y (th(» four methods) may Ix^ divided into tw'o classes, 
thos(^ which nu^asure a ])ot(‘nfial function or some of its (!om- 
ponents, and those which determine a point.- 

“Gravity, magnetic, and <'hx*1ric geojdiysical methods are 
measurements of a pot(»ntial function, but the seismic method is 
not. From the standpoint- of g(s>logy and geophysics, measure- 
ments of the i)oteniiaI function and its components have the 
following implications: 

“J. Size (that is, mass) and distance (‘aus(i most of the effect. 
Th(^ larger the mass, the gn^ater the eff(x*t. The greater the dis- 
tance, the less the effe(*t. 


’ Bibliog., WiSAVKR, Paul, “ Uc'lntions <»f Ccophysirs to Goology,*' 1934, 
pp. (j et seq. 

Bodies in space exert force np#»n other a distance. The 

amount of the force varies in some way with the distance, usually inversely 
as the square of the distance. . . . To dehne the potential, lot us take one 
body, w’hich wc will call A, at a fixed position. Let us move another body 
from a point 1 in space to a point 2. and let this second body be so small 
that every part of it can be considered tlie same distance from A, so we will 
call it Pf meaning a partielc. It will require work to move P from 1 to 
2 if they are at different distances from A. Then the amount of work is 
equal to the difference in the values of the potential function for 1 and for 2. 
The potential function is a number, since work is a number. It has no 
direction, but it changes in general from every jxiiut in space tathe next one, 
and at different rates . . . Gravity, magnetic, and electric forces each 
vary as the square of the distance, but differ in that the gravity force is 
always one of attraction, whereas the magnetic and electric forces may be 
either attractive or repellent."' (This note quoted, with slight modification, 
frot^ ^Weaver, op. ctL, footnote, p. 0, in the reference to the cliscuasion of the 
potqi^iAl function by W. I>. McMillan in ''The Thtuiry of the Potential," 
-Hill Book Company, Tiic.) 
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“2. All bodies have an offert, and this effect can become very 
small only if the body is very small, or very far away. 

“3. The shape of the bodj^ modifies the effect only slightly. 

'‘In reconnaissance' geology, we wish to find the (existence of 
large bodies, and so potential function methods are valuabh^ in 
niconnaissaiKie” . . . but they are limited in accuracy of inter- 
pretation due to the* multiplicity of unknown variable factors 
which may affect observed readings. On the other hand, the 
seismic method "... attempts to map contours on an under- 
ground bed, or beds. ... It is intended, therefon', to give a 
result which (h'tc'rniines uni(|uely the d('pth to a betl, or l)eds, 
below the point of obs('rvation, and is probably the only nnd-hod 
which gives theoretical ]>ossibilities of Ix'ing (Hpiivalent to core 
drilling. 

"There is a . . , difficailty in goophysi(‘al surveying by poUm- 
tial function methods. It is necessary to ext(»nd the surveys to 
a considerable distance because the rate of change of liu' values 
measured is important for the interpretation. In ari'jis where 
there are several anomalies close tog(»tlua’, it then'fon* n^sults 
that the effect of each anomaly is obscured by effects from adja- 
cent ones. . . . By the seismic methocr^ ... on the other 
hand . . , "it is possible theoretically to make accurate detcjr- 
minations from a few observations close together. This methofl, 
therefore, has an advantage over the potential function methods 
in requiring veiy much less areal extent to be investigatcMl." 

In the following pages no attempt is made to expound the 
mathematics of these various geophysical methods, and little is 
said by way of describing the construction of the instruments 
used or of explaining the techni(|ue of making observations in the 
field. These are mattcOT of concern for the geophysicist himself. 
But every geologist should know something as to the nature and 
differences of these methods, what they can do and what they 
cannot do for geological interpretation, and the meaning of the 
maps on which the geophysical data are graphically represented. 
It is for this purpose that we are outlining some of the more 
significant facts. For detailed information, reference may be 
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had to the writings of others cited herein and to the bibliographies 
inchided in many of the citations.^ 

Gravimetric Methods 

606. Gravity and Its Expression. — The principal gravimetric 
methods of geophysical surveying are based on (1) the use of the 
Edtvcis torsion balance, a sensitive instrument that measun^s 
the gradient, or rate of change, of gravity, and (2) the use of 
gravimeters (or gravity meters), which are sensitive instruments 
capable of measuring very small differences in the force of gravity. 

Gravity is defined as the force of attraction exerted by the 
earth toward itself on a body of unit mass. The vertical, at any 
point, is the direction along which the attraction of gravity acts. 
In most cases it is very nearly, but not quite^ perpendicular to 
the earth’s surface. A level surface (sometimes also called a 
niveau surface) is everywhere perpendicular to the vertical. The 
surface of a body of water at rest and acted on solely by gravity 
is a level surface, or niveau surface.’^ 

607. Variations in Gravity.— If the earth were a homogeneous 
sphere at rest, gravity would be the same everywhere over the 
surface of the earth and would vary only radially, and the level 
surfaces would be spherical and concentric with the earth’§ sur- 
face. But the earth is not at rest; it is not a sphere; and its 
outer crust is in no way homogeneous.”® 

Centrifugal force, due to the earth’s rotation, tends slightly 
to counteract the force of gravity. Because the earth is a 

^For these references, see Bibliog.: Hybar, Stephen, 1923; Ambronn, 
Richard, 1928; McLaughlin, Donald H. (chairman), 1929; Eve, A. S., 
and D. A. Keys, 1929; Heiland C. A., 1929; Fordham, W. H., 1929; 
Barton, Donald C., 1927, 1929, 1930. Also, volumes oa Geophysical 
Prospecting, published by the A.I.M.M.E. in 1929, 1932, and 1934; Geo- 
physics, published periodically by the Society of Exploration Geophysicists; 
Heiland, C. A., Nbttlbton, L. L., '‘Geophysical Exploration," Prentice- 
Hall, Inc., 1940; and “Geophysical Prospectiug for Oil," McGraw-Hill Book 
Co. Iro., 1940. 

* Bibliog,, BAin'bK, Donald C., 1929 (a), p. 417. In discussing the 
torsion balance, we have drawn freely on this excellent paper by Dr. Barton. 

; p. 417. 
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spheroid flattened at the poles and because of the rotation of the 
earth, the value of gravity is at a niaximum at the poles and at a 
minimum at the eciuator. (Vrtaiii allo\vane<^ must be made in 




Fia. 646. — Diagram of a Hiiiall M(*c'tion of li»e i^arth’s ctuhI where then* ih huppoaecl to be a 
hoinogitncous diatribuiion of inaHS. In A, OQ ia the inteiiMity of gravity, liere perfectly 
uniform. LS represents a level surface in section. The arrows represent lines of the 
vertical. Strictly speaktng, the lines GO and LS should be arcs of circles of large radius* and 
the arrows should converge slightly downward, toward the earth's center. > 


all 'gravity observations to correct for the normal poleward gra^ 
dient and, in torsion balance observations, for the normal differ-- 
ential curvature^ t.e., for warping of the level surfaces due to the 
effect of the centrifugal force of the earth's rotation and the 
effect of th^ spheroidal shape of the earth. 


1 With Dr. Barton's permission and also permission from the A.I.M.M.E., 
Figs. 54&-552, and 557-561 (somewhat modihed, as explained in the 
text) were copied from Barton’s paper ^‘The Edtvds Torsion Balance 
Method of Mapping Geologic Structure”; and Fiffs. 569-573 were copied 
from Barton’s “l^ismie Method of Mapping Geologic Structure.” (Bibliog., 
B\kton, Donald C., 1929 (a) and (&).) 
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Th(» lith()S})[KM*o, fiH «U goologistH know, is v(‘ry irregular in 
the disirihutioii and iialiire of th(‘ r<M*k l)odic\s that eoinposo it. 
''rh(‘S(‘ rock hodich an* of vaiyiiig d(*iisity, and consequently they 
[)roduc** varying amounts of deformation of the level surfaces 
and lines of forcf* tliat constitute thi* normal gravitational 
syst(‘in. 




Fig. Z»I7 - Diaftinm of u Nitmli sortum of tho with u body denser than the 

miiioundmg coiiiitiv >ock <;r(f iiiteiiHitN of Krit\it\ at » iiiuxiitiiMii uhovo (lie eentei of 
the denne iiiiiHH, and with steepest giiidieiit ovei the tdges «f this niaas. LS, level suifaee, 
aiehed up above the dense iiiiiss. The mrows repieMMit liiii^h of the veitieal. (See fiKitrioto 
to Fir. r»4(\ ) 

“Ah a result of the irroKular (lislributu)u of mass in the earth’s 
crust the intonHity of gravity locally is at a maximifm over the 
areas of excess of mass autl at a minimum over the areas of 
deficiency of mass; the lines of vertical tend to crowd from the 
iMxiics deficient in mass into the botlies with cxcras of mass— 
that is, the vertical is deflected toward the excess of mass and 
away from the deficiency of mass; the level surfaces are warped 
up, conv(>xly, ovei the an'as of excess of mass and are warped 
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downward, concavdj^, over the areas of deficienev of mass”^ 
(Figs. 546-548). 

508. Quantities Measured by the Torsion Balance and Gra- 
vimeter. — The torsion balanec; measures dir(»etly two ehunents of 
the deformed gravity fi(‘ld: (1) the horizontal gradient of gravity 
and (2) the differential curvature. Indire<'tly, from (1) a third 




Fio. 548. — Diagram of a nmall sf'ction of Ihe earth's crust with a body ligliter than the 
surrounding country rock. Here the gravity profile, (Hi, in etiived down, with a niitiitnuin 
over the center of the body, and with thi* s»t4*cpeHt gr.'idient over ite edges. LS, the level 
surface, is bont down over the light body. The arrows repreaent lines of the vertical. 
footnote to Fig. 546.) 

element, the horizontal variation of gravity, can be determintHl. 
This is the Viuantity that Is directly measured by the gravimeter 
(see below). It is commonly spoken of as relative gravity and 
is designated Ag. 

The horizontal gradient of gravity is the rate of change in the 
intensity of gravity per horizontal centimeter. Unless specified 
otherwise, the term gradient in geophysical prospecting is imder- 
> Ibid., pp. 419-420. 
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Ktood to mean the horizontal gradient of gravity and to refer 
to the amount and direetion of the niaxlmum gradient. On maps 
the gradient is represented by an arrow flying in the direction of 



Fio. 540.--OriRinal reconnaieisaiice tomion balance map of the Nash prospect and the 
structure contour map as subsequently iletenuincKl by drilling. The structure contours are 
on the top of the cap or, in the absence of the cap, on the top of the salt. (See footnote to 
Fig. 646.) The Nash dome is in Fort Bend County, Texas. 




the increase of gravity and proportional in length to the magni- 
tude of the gradient (see Fig. 549). 

The differential curvature, known also as the Edtvos curvaiure 
value, horizontal directing force, or R value, is a function of the 
differentisi warping of the level surfaces. Its use in torsion bal- 
jl^ce work has always been subordinated to the use of the gradient, 
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chiefly because of the unreliability of the differential curvature in 
all but the flattest of terrains.* 

As previously stated, the gravimeter measures relative differ- 
ences in the force of gravity from point to point (station to sta- 
tion) , and these values are referred to an assumed datum . N either 
in torsion balance surveying nor in gravimeter surveying aie 
absolute gravity values sought. The case* is in many respects 
similar to topographic mapi)ing, where, in the det(*nninations of 
relative elevations at selected stations (Cf. graviinet(‘r) or in 
determinations of the topographic slope betwc'en selected stations 
(Cf. torsion balance), all the elevations are referrt;d to an assumed 
datum rather than to sea level. 

Referring again to the torsion balance*, th(^ variation of gravity 
over an area can l)c calculated from the gradient if th(^ stations are 
close enough to one another. The gradient gives the? cliange of 
gravity per centimeter. If the gradi(*nt, therefore*, is known at 
two stations and if the stations are close eneiugh together so that 
a linear variation of the gradient betwee*n the stations can be 
assumed, the difference in the value oi gravity between the two 
stations can be calculated. The variation of gravity {relative 
gravity or Agf) can then be calculated over the whole of a survey 
with^a sufficiently close net of stations. If the siirve}'' has Iwicn 
tied into a pendulum station, at which a determination of absolute 
gravity has been made, the values of gravity of the torsion balam^e 
survey can be given in terms of absolute gravity. 

609. Effects of Topography on Gravity Observations.— Irregu- 
larities of topographic form of the earth’s surface may affect the 
quantities measured in gravity exploration. If the terrain in 
which the torsion balance is set up is a flat horizontal plain, it 
produces nO effect on the giadient or differential curvature, A 
depression adjacent to the instrument acts as a deficiency of mass 
and produces a gradient away from itself. A slight rise of the 
ground above a plain acts as an excess of mass, provided the rise is 

' For further information on the differential curvature, see Babton, op. 
Hi.; also, Jotcb, J. Wallace, “Theory of the Torsioii Balsnee,*’ U, S. 
Dept, of Commerce, Tech. Paper 546, 1933. 
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below the level of the instrument. If it is above the level of the 
instrument, its effect is reversed because^ its upward force tends to 
reduce the downward i)ull uf gravity, as measured at that point. 
Any deviations of the topography from a level plain must be 
corrected for, and, as the topography incr(;as(\s in irregularity and 
as the materials on the surface or at shallow depths become more 



Fia. 650. — Gradient arrow, R line, and structure map of a portion of the Luling oil field. 
Caldwell Cotmty, Texas. Dashed lino to oast is trace of fault at surface. This fault dips 
west so that it intersocts the Edwards Uinestone along a line vertically below the dashed 
line to the west. (See Fig. 551 and footnote to P'lg. 546.) 

heterogeneous in densit 3 ', the corrections applied are decr^ingly 
accurate. Topographic irregularities within 2® aboVe or below 
the horizontal plane of the instrument produce a negligible effect 
on the gradient, and topographic irregularities within 5** above or 
below the horizontal plane of the instrument do not seriously 
aHeot the gradient. The differential curvature is affected seri- 
ously by such irregularities of the topography, and, with increas- 
ii^ topographic relief, the differential curvature becomes useless 
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much sooiKT than the gradient. Distant topography, such as a 
high mountain range, may affect tlu' gradient and differential 
curvature, but nut enougli to int(»rfere vvit.li interpretation. 

With regard to the gravinu^ter, small near-by variations in 
topography are less serious than in the (^ase of the torsion balances 
Topographic irregularities within 12®, plus or minus, of th(» hori- 











Fio. 551. — Vertical Hection of the Lulins fault, auej, above it, a ftradient proHle, showing 
the effe<;t of the fault on the gradient. tSee J-ig. 550 and footnote to Fig. 540.) 


zontal plane through the instrument can be neglected. Beyonfl 
this angular limit, effects are increasingly serious, and corrections 
must be made. 

610. Units of Gravity Measurement — The unit of measure- 
ment for the’gradient in work with the Eotviis torsion balance is 
(IX 10”*) dyne (per gram) per horizontal centimeter. This 
unit is called an Edivds or an Eiitvos unit. A gradient of 1 E. 
means an increase in the intensity of gravity per horizontal 
centimeter of about one million-millionth (1 X 10“‘*) the value of 
gravity. The values of the gradient actually measured m the 
field range most commonly from 5 to 30 E. 
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Pia. 552.— Gredieat arrow »ud wogam map of the Muenstot-Bulcher “buried" Ordovioian- 
Metamorpbic ridge in northwestern Cooke County, Texas. (See footnote to Fig. M6.J 
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The unit of gravimeter measurement is tlie millidync, whicli is 
one-thousandth part of a tiyne, the absolute unit of force. The 
word raiUigal is used by many gc<»physieists as .synonymous with 
millidync. Most gravimeters can measure gravity differences to 



a small fraction of a milligal. For this reason the unit often 
preferred in gravimeter surveying is 0.1 milligal (0.1 millidyne). 
Anomalous values, i.e., variations from the normal gravity value, 
as measured by gravimeter, may range from 1 or 2 milligals to as 
much as 50 or 60 milligals. 
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611. Graphic Representation of Gravity Data. — Gravity data 
may be drawn on maps or in profih’s. fho data most commonly 
an; reported in the form of gradient arrow maps and Isogam maps. 



Fi«. OM. — iHOffttm map of toi-sion bslancr rasiilUi obtained along liiiea AA', BB', and CC'. 
The structure here surveyed (the same as represented in Fig. .'i53) is a shaKow salt dome with 
its cap lock approarimately 1,(500 ft. below the surface at the shallowest point. The tiap 
rock sloped off moderately to near the position of the dashed line and then plunged off 
steeply on all sides. This was verified by drilling subsequent to gravity exploration 


iJ-line maps are sometimes drawn for additional information 
where the differential curvature valutas arc dependable. Figures 
94^. and 663 are gradient arrow maps. Figure 660 shows both the 



ent arrows and the B lines plotted at each station. 


Isogam 
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is the name applieci to a line of equal value of relative or absolute' 
gravity. Lsogam maps, wsueh as Figs. 552, 554, and 656, uro used 
to picture the variation of gravity. Graphs (Fig. 55b) may Ix; 
used to show certain components of the gradient and the curva- 
ture in vertical profiles. The Ag curve, or profile, i.s a cumulative' 
curve of gravity differences between stations along the line of the 
profile. It is built up by alg(‘braically adding, fi>r each station, 
the difference in gravity value betvvixui this station an<l the 
adjacent station last calculated, taken as zero, ue., as a datum 
(see Figs. 556, 557-561, and Art. B12). 

612. Gravity Surveying for Geologic Structure. — In gravity 
surveying for geologic structure, those anomalies that are due to 
topography and to planetary effects (607) are (*orrec-ted as effi- 
ciently as possible. The station sites are selecterl to avoid s(*lting 
up where any surrounding irregularities of topographic relief are 
over 5° below or above tin; horizontal plant' i)assing through the 
center of gravity of the instrument, in the cast' of th(' torsion 
balanct', or where the in’egularities are over 12® abovtJ or bt'low 
this plane in the <;ase of the gravimeter, and wht'itj any sutdi 
irregularities, in the case of either instrument, are at least niodtu*- 
ately distant from the instrument. It is best to choose station 
sites \vhere the ground is level over as widtj an art^a as possible. 
If necessary the ground is levelled within a radius of a few yards 
of the instrument, where the torsion balance? is used. In rugged 
country, it is not practicable to use the torsion balance for gravity 
gradients of structure unless the gradi<jnts caused by such struc- 
tures are very large. Even in regions of moderate relief, it is 
almost impossible to get reliable determinations of the differential 
curvature. 

After removing from the observed reading the topographic and 
planetary effects, values remain that must be interpreted for their 
geologic significance. These values are still resultants of many 
unknown components that, without considerable geological skill 
and understanding on the part of the interpreter, would often be 
unintelligible, or at least subject to several different explanations. 
For adequate interpretation of the data, one must be well versed 
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in the theory of gravimetric method and also one must have had 
considerable geological experic'.nce. 

In recording the gravity values, abnormal gradient and differ- 
(*ntial curvature values may be registered by the torsion balance 



'iQ. IUS5. — bogaiii map of gravimeter resulta obtained in the same area that represented 

in Fig^. 553 and 554. 

>y relatively shallow and unsuspected features such as large 
lowlders or concretions in the soil, sharp changes in the lithologi- 
id characters of sedimentary deposits, irregularities in the bed- 
ock floor on which the upper soil or unconsolidated deposits rest, 
tc. ‘ Sites for stations should be examined for these possible 
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causes of local anomaly. Such extremely local h(‘terogeneiti(\s 
produce effects on gravimeter measurements that are much less 



' Fio. 556. — In the upper part of this figure are ahown the regional gradient curve (here 
taken as horizontal) and the average gradient curve, or curve-of-gravity valuea, meazured 
from station to station, and averaged a» between each three adjacent ntationa. These 
curves are taken along profile A A' in Kig. 554. 

In the lower j>arl. of Fig. 556 aie the Ag curves for the regional gradient and for the gravity 
values. These two curves were constructed from the curves in the upper part of the figure. 
Note that.thp rap rock at shallow depth produces a maximum or positive anomaly, whereas 
the salt produces*a minimum or negative anomaly. Centrally the cap-rock eflect is strong 
enough here to conceal the negative effect of the underlying salt mass. It is only where the 
cap rock becomes thin and is at sufficient depth that the salt e0ects become conspicuous in 
the gravity picture. 

in the case of torsion-balance measurements and that in most 
cases' are negligible. 

Gravity anomalies due to larger effects are commonly related 
to structure. Any particular body has a characteristic gradient 
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and curvature pattern that depends on the form and size of the 
body and its depth below the suifaee. The amplitude of the 
gradient and the differential eurvatun* values depend on the dif- 
ference between the respec^tivc densities of the body and the 
surrounding medium. The gradient, curvature, and Ag curves 
for four common simple ty})es of geologic structure are shown in 
Figs. 557-561. The structures (with the exception of that in Fig. 
561) are supposed to be infinitely long with the respective trans- 
verse cross sections shown in the figures. The lower part of each 
figure gives the structural cross section drawn with vertical and 
horizontal scales (‘C|ual. The middle profile gives th(j curve of the 
variation of the value of R, the differential curvatures, above the 
structure; the low^er profile gives the variation of the gradient 
above the structure; and the upper profile is the Agf curve, or curve 
of relative gravity. In each case this Agr curve has been calcu- 
lated from Barton’s diagrams by integrating the gradient curve. 
On the differential curvature profile, each point on the curve 
above the zero line would be represented on a map by an R lino at 
right angles to the line of the section. On the gradient profile 
each point on the (airve above the zero line would be represented 
on a map by a gradient arrows flying to the right, and each point 
on the curve below the zero line W'ould be represented by an arrow 
flying to the left. The Ag profile is the curve that would be 
obtained by gravimeter in exploring the geologic structure pic- 
tured below, in each figure. Observe that this curve is loss 
distinctive of varying geologic structure than are the curvature 
and gradient profiles derived in torsion balance work. In other 
words, the torsion balance may be used for more refined (or 
detailed) interpretation of subsurface structure than can the 
gravimeter. 

“A vertical fault cutting a shale section of 3,000 to 3,500 ft. 
thick, overlying a ver>" thick massive limestone section, is repre- 
sented in Fig. 557. The fault has a throw of 300 ft. at the surface 
and at 1,000 ft.; a throw of 400 ft. at 2,000 ft.; and a throw of 
500 ft, at 3,000 ft. The shale section is supposed to be split into 
three formations with specific gravities, increasing downward, of 
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2.15, 2.20, and 2.30, rospeetivel^y. The specific! gravity of the* 
limestone was fissumed to be 2.70. Both ttie gradi(*nt and differ- 
(jntial curvature are symmetri(!ally disposed in ivference to the 
fault plane; the differential curv^ature is zero and the gradient is 
at a maximum over the fault; on the left of the fault plane the li 
lines are perpendicrular to the fault line, and on the right are partil- 



Fio. 557. — (jrudient, difterential rHrvature, and profiloH foi a aiinple vertical fault. 
(See footnote to Fig. 646. > 

Note that where the curvature profile is above its hurisontal base line the R lines on a map 
would be perpendicular *o the fault, and where it is below the base line the R linos would 
parallel the fault. Where the gradient profile is above its base line, the gradient is toward 
the right, and vice versa. * 

lei to it; the giBdient arrows all fly toward the right but increase to 
a Ttiftyiimim over the fault and then decrease symmetrically. 

“ A ft^ult with a dip of 30“ cutting the .same stratigraphic section 
as in the preceding case is represented by Fig. 558. ITie gradient 
and differential curvature profiles an* very similar to those of the 
preceding case but are not symmetrical, the gradient maximum 
and the numerical maxima of the curvature are slightly less than 
the corresponding maxima of the preceding case, and the zero 
of the differential curvature and the maximum of the gradient do 
not lie above the surface trace of the fault, but over the upper part 
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of th(' fault in the limestone basement, where the throw and th<‘ 
density diff(;renee are Kreatest. If the specific gravity had a 
smootli curve of increase downward, especially in the upper shah' 
formation, both the gradient and differential curvature profiles 
would b(i very consichTably modified in n'gard to the position of 
tlu; Z(^ro points and maxima and the magnitude of the maxima. 

^^An anticlinal or 'buried^ ridge of limestone overlain by shahi 
and with a n'lief of 375 ft- is represented by Fig. 559. The top of 



Fio. 558, — Ciniduuit, difterential curvature, and Ai; profiles for a fault dipping 30®. (See 
iiiMe to Fig, 5.57 and footnote to Fig. .540.) 


the ridge is suppo.sed to be at a depth of 1 ,500 ft. and the normal 
level of the top of the limestone is supposed to be at 1,875 ft. 
The ridge is supposed to be synimt'trieal about its crest line. The 
gradient and differential curvature profiles are symmetrically 
disposed about the vertical axial plane of the ridge; the gradient 
everywhere is toward the crest of the ridge — that is, the gradient 
arrows to the left of the crest would fly to the right, and on the 
right of the crej^t, they would fly to the left; the gradient is zero 
glaive the crest of the ridge; and' the maxima are over the flanks, 
^he H lines off the structure and over the foot of its flanks are 
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toward the structure and reach a maxirmiin over the low'er part of 
each flank of the structure; over most of the structure the If lines 
are j)arallel to the crest of the stni<*ture and are at a maximum 
over the cri‘st of the ridge. The relative magnitude and th(‘ 
absolute magnitude of the numerical value of the maxima of the 
curvature and the form of the central maximum vary very con- 
siderably with variation in the cross section of the ridg(\ 



Fio. 550. — Gradient, differential curvature, and Ag profilcH for a symmetrical infinitely 
long ridge of Hiiticlinal nature. Here the ridge oorreHponds to the fault in Fig. 557. (See 
note to Fig. 557, and footnote to Fig. 540.) 


“A ridge similar to the preceding but with the right flank much 
steeptn* is repiesented by Fig. 500. The gradient and (iiffercntial 
curvature profiles are verj" similar to the corresponding curx^es of 
the preceding case but are asymmetrically warped by the asym- 
metry of the* ridge. It should be noted that the zero point of the 
gradient and the maximum value of the difiFerential curvature do 
not lie immediately above the point of the ridge that is structur- 
ally highest, but are shifted slightly to the left down the gentler 
slope of thfi ridge. The zero point where the gradient changes 
direction marks the point of maximum gravity and it should be 
noticed that in asymmetric structures the center of the anomalous 
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gravity high diK* to th(^ stnieturo is not exactly ovc^r thg highest 
point of the structure; the amoiuit of the shift of tlie gravity high 
down the gentl<*r slope of the structure is proportional to the 
differ(*nce in tlu‘ slope of tlu' two flanks. In unknown structures, 
the shift of t he gravity high due to th(' asymmetry of the structure 
can recognized if a moderatc^ly detailed transverse profile has 
b('cn run but its inagnitinh^ cannot be determined unless quantita- 



Fio. 500. — C'lradient, differontial curvature, and ^17 profiles for an asymmetrical anticlinal 
ridfce of infinite lenieth. The ridge oorrenpunds to the fault in Fig. 557. (See note to Fig. 
557 and footnote to Fig. .i46.) 


live calculations are made. If only a scattered net of stations is 
available, the [iresenee of the asymmetry may not be recognized 
easily, and a location made from the torsion balance data may be 
off just enough to miss the crest. As the gradient and differential 
curvature profiles of Fig. 501 show, the gradient profile is slightly 
modified and the differential curvature profile very considerably 
modified if the ridge is finite rather than infinite in length/'^ 

613. Comparison of Torsion Balance and Gravimeter. — In the 
foregoing discussion, comparisons and contrasts have frequently 
^ Bibliog., Barton, Donald C., 1929 (a), pp. ,436-440. 
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been pointed out botwtH'ii torsion balance surv<\yinK and gravim- 
eter surveying. Some of the more salient points may bc' sum- 
marized here: 

1. The probable error of an individual station observation with 
the best modern gravimeters is of the order of magnitudi* of a few 
hundredths of a rnilligal, say from 0.03 to O.Oti milligal. With 
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Fia. 561. — Gia<iicnt„ differential curvature, and profilen for a ridRc Himilar to that in 
Fig. 660, but here with a length only twice tlie depth at each level. The dotted gradient, 
curvature, and ^ profilea are taken from Fig. 500. (See footnote to Fig. 546.) 


this degree of instrumental accuracy, regional gravimciter surveys 
are probably more accurate than regional torsion balance surveys. 

2. The chief advantages of gravimeters are (o) speed and econ- 
omy of operation. A gravimeter party, using one instrument, can 
cover ai) area from two to four times as fast as a torsion balance 
party using two instruments, at a cost per unit area of one-half to 
one-quarter the cost of torsion balance work. (6) Gravimeters 
can be successfully used in rough or irregular terrain in areas 
where torsion balance results would be either very unreliable or 
entirely unusable. 

3. The chief advantage of the torsion balance .method is that, 
in favorable areas, tondon balances can be used for detdled work 
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on certain typers of ‘structures that can be more accurately defined 
by this method tluiii by detailed gravimeter surveys. A good 
examples of this is th(‘ mapping of the outline of cap rock on a 
shallow salt dome. The torsion balaiuic gradient and differential 
curvature profiles are much more sensitive indicators of the edge 
of th(^ (^ap rock and of tlu' shape of the cap rock than the Ag profile 
ineasurcHl by the gravimeUn*. 

‘\. The (piantitic's nK'asunnl by the torsion balance and gravim- 
c‘ter arc; not the same;. The torsion balance measures the hori- 
zontal gradient of gravity and the differential curvature of 
the l(;vel surface;, both (luantities being second derivatives of the 
gravity potential. From the horizontal gradient of gravity, the 
gravity difference; or Ag^ between any two points of the survey, 
can be calculated. The gravimeter measures directly these 
gravity differences, or Ag*H, which arc; first derivatives of the 
gravity potc‘utial. A torsion balance; isogam map is therefore 
constructed from a knowledge of the gravity slope at a number of 
points in the survc;y. A gravimc;ter isogain map is contoured 
dirc;c;tly by joining points of eciual gravity. How closely alike 
torsion balance and gravimeter maps of the same structure may 
bc» is illustrated in Figs. 554 and 555. 

Magnetometric Method 

614. The Earth’s Magnetic Field. — The earth may be described 
as a large irregular magnet. The intensity of its magnetism 
varies from place to i>lace. The whole complex system of terres- 
trial magnetic forces is rc'ferred to as the eartKs magnetic field. 

If a small compass needle is suspended at its center of gravity 
at any point, P, in the earth^s magnetic field so that it can freely 
swing in all directions, if undisturbed it will come to rest in a 
definite position. Except along one particular line (see Plate I 
opposite page 422), it will not lie exactly in a true north-south 
direction, but will point toward the earth's magnetic pole, which 
is several mites from the geographic pole; and instead of being 
^ level, it will be tilted from the horizontal plane. The horizontal 
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direction of the noodle while suspended at rest at P, is called the 
magnetic meridian at P, and tlu^ horizontal anj!;l(^ Ixdvveen this 
magnetic meridian and the gcH)graphic meridian at P is the 
declination at this point. The vertical angle bet-w(?en the hori- 
zontal plane through P and the position occiipi(‘d by tlu' inciiiUMl 
iKjedle is called the magnetic dip or inclination at P. 

In measuring the intensity of the earth^s magnetism, a unit 
<*alled a gauss Ls used. A gauss may be defiiu^d as th<' intiuisity 
of a magnetic field that will act on a unit magiudic j)ol(* with a 
force of 1 dyne. A unit magnetic pole is onc‘ that will act on an 
equal pole wdth a force of 1 dyne at a distance of 1 cm. In ordi- 
nary magiietometric surveying the unit of measurc'uumt is the 
gamma j 7 , which is I /UK), 000 of a gauss. 

The force exerted by the earth \s magnetic field on a unit- pole 
is the total intensity, T, of the (‘arth’s magnetism at P, any giviMi 
point. It acts in the direction defined by declination ami in(*lina- 
tion. In the vertical plane of the magm'tic meridian through P, 
T can be resolved into two components perp<uidicular to one 
another, namely, the vertical intensity, Zy and the horizontal 
intensity, H\ and II can be still further resolved into its g<‘o- 
graphic north south and east-west components, know^n as X ami 
Y, respectively. The quantities usually measured in magnet-o- 
metrit surveying for geologic stnicture are H and Z. 

616. Measurement of Magnetic Anomalies. — Th(^ instrument 
most commonly used in magnetometric work is called a magnetom- 
eter or variometer of the Schmidt type. The magnetometer that 
registers diiferences in vertical magnetic intensity, and is th(*re- 
fore called a vertical magnetomelery is used more commonly than 
the horizontal magnetometer , which measures differences in hori- 
zontal intensity. 

For making observations, the instrument is set up at the 
selected station, properly levelled and oriented in such a way that 
the vertical plane in which the needle is free to swing wdll be 
perpendicular to the magnetic meridian, t.e., to the magnetic 
north-south line. Usually the needle is undamped and the scale 
read two or three times in this position, and then again two or 
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throe tirnoH after th(^ instruinent has l)(M*n turned 180®, and tlu^ 
avr‘rag(* of all th(^s(' readings is reeordtMl. 

In nu*onnaissan(*ci work stations are spacc'd from 1 to 4 miles 
apart, wh('reas for detail work th(\v may be spaced more edosely. 
In re<‘onnaissanc(» mapping observations may be made at from 
20 to 30 stations a day. 

616. Correction of Magnetic Readings. — Magm^tometric sur- 
veying is in many respects similar to barom(itri(^ surveying. 
Magmatic readings are subje<d. to errors due to magnc'tic storms. 
Furtluirmore tlu»re is a rnonj or less regular diurnal change in the 
earth^s magnetic ficdd at any locality. Experience has shown 
that it is best to seUict a “base station^’ which is visited several 
times in the course of the day, so that ch(^ck reatlings may be 
made here with the instrument which is us(h1 in the field. The 
use of a stationary instrument at the base station, observed at 
intervals of from 15 to 30 min., is desirable, especially where 
accurate results are re(iiiired. As in barom<d;ric surveying, check 
readings can be made by revisiting any of the field stations. At 
the end of the day, a diurnal correcti4)n curve is constructed and 
all the station records are adjusted to remove the alarm and 
diurnal effects. Data observed during a magnetic storm are 
usually not dependable. Since most magnetometers now- in use 
are compensated for temperature changes, errors du(j to variations 
in temperature are small. Correction may be made by reference 
to a thermometer inside the instrument. Careful calibration and 
tests for temperature effects are necessary from time to time. 

In addition to these short-time fluctuations, there are secular, 
or long-period changes in the earth's magnetic field. These are 
sufficiently cared for, in magnetic surveying, by the proper use of 
isogonic charts and charts of equal magnetic vertical intensity 
published by the U. S. Coast and Geodetic Survey (see Art. 617). 

The magnetic intensity at the base station may be assumed, 
being chosen somewhere near the values known to be characteris- 
tic of the general area; or the value used is that already deter- 
mined in a network of base stations previously established.^ 

* Charts imd pamphlets with general information on the earth’s magnetic 
6el4 may be obtained fmm the Snpt. of Documents. Washington, D. C. 
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617. Compilatioh of Field Data. — After the field data, eorretded 
for temperature and diurnal variations, have been assembled, and 
the stations have been properly located on tlie bas(^ map correc- 
tion must be made for the normal <»r terrestrial regional change in 
vertical intensity. This is done by reference to the most recujritly 
published “Equal Magnetic V<‘rtical Intensity Chart’'* which 
shows the broad regional variations in vertical intensity, "rhe 



Fio. 562. — Map of part of die J'anhundlc area of Texas, ahowiriK linea of equal vertical 
intensity anomaly (full lines) and structure contours on top of the “ Rig TJiue" (dashed lines). 
ah is th% approximate axis oi the main anticlinal structure in. the " Big Lime." 


lines of regional vertical intensity (vertical isodynamics) for the 
area in question are laid off on the map in proper position and with 
proper values.^ The amount of rcjgional correction to be applied 
to each station value is then determined from the position of the 
station with respect to the lines of normal regional change. The 
correction for the normal variation is added to, or subtracted 
from, the st^ftion value, respectively, as the normal regional value 
is below, or above, that of the base station or other reference 

^ Obtainable from the U. S. Coaet and Geodetic Survey, 

* If 2 or 3 yearn or more have elapned Iwtweeii the time of making one 
survey and the time of surveying an adjoining area, some readjustment of 
the regional vertical isod>'iiami<^ may be necessary to make the corrected 
maps match one another. This is because of the secular changes in the 
earth's magnetic field. 
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l)oiiit. The insults of this operation am the local anomaly values 
that are planed on the map. Eeiual anomalies may be connected 



Fia. 563. — Sketch map of Hobbs structure in Lea County, New Mexico. The full lines 
are isanomalies of vertical inagnetic intensity: the dashed lines are structure contours on 
top of the anhydrite. The small squares are square miles. The upright numbers designate 
the sections. (Sk»e Appendix VII.) The only full township on the map is T. 18 8., R. 38 E. 


by flowing lincs'called isonomalies, or isanomalies, which express 
in gaounas the loctd variations from the average total magnetic 
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intensities in the area. A map so construetcd is an anomaly map 
of vertical magnetic intensity. Thase anomalies may be caused 
by geologic structural conditions in the subsurface. They are the? 
values sought in raagnetometric surveying for geologic purposes. 

618. Application to Geology. — The application of the magnetic 
method in geologic work depends upon the fact that rock masses 
and rock types differ from one another in their magmatic quality, 
that is, in their magnetic* p(»rmeabiliiy. Some ores are highly 
magnetic; some igneous and inetamorphic roc^ks (H)ntain a rela- 
tively large proportion of magnetite; and sediments, es})eeially 
sands and sandstones, may be locally ri(‘h in this mineral. It is 
quite likely that the local anomaly values cjf magn(*tic intensity 
are chiefly to be attribut(‘d to the form, size, and distribution of 
rock bodicis (igneous, sedimentary, or m(*tamorphic) of which the 
constituent rocks are comparatively rich in th(*ir ('ontc'iit of 
magnetite. For example, a Iniruid hill (161) of granite or schist, 
or an igneous plug or dike, intrusive into sedimentary rocks and 
covered by alluvium, or a lens of sandstone, may cause abnor- 
mally high magnetic intensity values if these rocks carry con- 
siderable magnetite. 

Interpretation of magnetic anomalies for their geologic mean- 
ing, is, however, by no means simple. In some places a distinct 
relationship has been demonstrated (Figs. 562, 5()3); but else- 
where very pronounced magnetic anomalies have not bt^en cor- 
related with known lithologic or structural fcaturcis down to 
drilled depths of several thousand feet (Fig. 564). In such cases 
the effects mapped may be from veiy^ deep-lying causes, not 
reached in the drilling. In wide areas the anomalies are so slight 
that although unquestionably they reflect definite conditions, 
they cannot'safely be interpreted. 

In all magnetometer work, perhaps more than in any other 
class of geophysical surveying, one must keep firmly in mind that 
the net intensities measured at individual stations may, and prob- 
ably do, represent the resultants of many effects, from shallow 
depths and from greater depths, all combined in a manner U> 
make their correct interpretation almost impossible. An irrogu- 
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lar (Hstrihution of magnetite in a sandstone a few feet, or a few 
hundred feet, below the surface of ih<* ground may alter or mask 
th(' effete ts of a larger deep-seatc^d body. The safest way to apply 
the magrietometrii^ method is to work from the known to the 
unknown. Thus, if a geologic feature such as a dike, or a contact 
betw(‘en a high-intensity and a low-int(‘nsitv rock, exposed and 
mappable in a certain n^gion, passes b(*n('ath a blanket of soil or a 



Kio. 504. — Magnetic vertical intensity aiionmiy map uf an area in west Texas in which 
no definite relation to structure was discovered down to n deiith of nearly 5.000 ft. The 
map repreiwiita an area of approximately 280 square niilcs. 

younger series of consolidated strata, it may traceable for .some 
distance beneath its cover by careful magnetic surveying. 

Seismic Methods 

619. Elastic Barth Waves.- *The seismic ihethods of geophysi- 
cal exploration have been widely used in searching for subsurface 
structures that might yield oil or gas ; in localizing certain types of 
9re deposits; in mapping the bedrock floor beneath gravel deposits 
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whore (lams are to be const rurtod; in moasurinK lh<‘ thickn(*ss of 
glacial icc; in studying the roufiguration of the basement beneath 
a stratified prism of rocks: and in many other ways. There is no 
more useful scheme dewised for mapping hidden structural fila- 
tures of. subsurface' geology. 

The scnsmic mc^thods utilize two important characteristics of 
rock formations: (1) rock materials vary in respect to the si)e('d 
with which th(^y transmit ehistic earth waves, and (2) the sedi- 
mentary prisms, in particular, consist of layers tliat arc' separatc'd 
by sharply definc'd contact surface's, and these' surfaea^s rerfleed. part 
of the energy generated as e'lastie^ earth wavers. 

Hard, compact roerks, such as limc'stone, anhydrite, salt, ertc., 
with rclativel.y high e'lasticity, transmit shock wavers (sc'isinic 
W'aves) with greater spee'd than softer, or Ic'ss consolidaterd, rocks. 
The rate of propagation of seismic wave's, on the* average, varie's 
from 3,9()0 ft. pc'r second in ordinary clastic se'dimc'nts te) over 
23,000 ft. per second in some of the» phitonic igneous rocks.’ In 
general, the rate incrc'asc's with derpth, although this fact is not 
c'asily determinabler e‘X(rej)t in materials of the same' nature*. 
Observations in two localities in east Texas reveahnl an ine'rc'aser 
from a sf)ee(l of erlastic transmission of 8,800 ft. per sc'ctond in a 
ee'rtain formation at one locality to a sjK'ed of 9,2(X) ft. per seerond 
in the^same formation at a se'cond locality wdiere', 20 milers down 
the regional dip, it was 1,000 ft. deeper below the surfae^e. 

In all areas there is surface layer, called the weathered layer , of 
variable thickncivss, seldom over 100 ft. thick, but, rarely, as much 
as 300 or 400 ft. thick, which has a much lower velocity of trans- 
mission than the rocks below. Its velocity is usually between 
800 and 3,000 ft. per second. The true nature and cause of this 
layer are nof know n. It is not strictly a layer of weathered rock 
materials, geologically speaking. It may be related to the 
ground water. In any case, there is always an abrupt change in 
elastic properties in passing down from this weathered asone into 
the underlying rocks. 

^ Bibliog., Ambronn, Richard, 1928; Barton, Donadd C., 1929 (6), 
p. 575; F3v», A. S.. and D. A. Kars, 1929, p, 185. 
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With rfjganl to the sc^eond property mentioned above, seismic 
waves that trav(‘l outward from a point of explosion are reflected 
l)ack towar(i th(^ surface of the ground from contact surfaces 
l)etween strata having distinctly different velocities of wave trans- 
mission, Z.C., distiiKitl}'^ different elastic properties. There are 
many such ndlecting boundaries (elastic; discontinuities) in a 
|)riHm of strata, but most of the reflections arc weak, and only 
those* from the more pronounccnl contacts are recognizable on the; 


tit r 



Fia, 365.-— Paths of oarth waves produced by an explosion where the underlying strata 
are horixoiiial. The beds marked 1, 3, and 3 have a lower velocity of transmission of these 
wav«*8 than beds 2 and 4. «, 'ihot point. (See text for description.) Note that the critical 

angle, ttet, vari«.s for different formations. It is shown here only with an approximate value, 
for illustration purposes. 

seismographic records. Probably most of these come from the 
upper surfaces of high-speed beds overlain by low-speed beds, but 
the reverse is sometimes true; t.c., distinct waves may be recorded 
from the basal contacts of high-speed strata. 

Seismic waves, in their behavior underground, ihay be com- 
l)ared in many respects with light weaves. They undergo 
transmission, refraction, and reflection. These properties are 
illustrated in simple and graphic manner in Fig. 565, w^here s is a 
point, called the shot pointy at which a charge of dynamite has been 
exploded. A spherical elastic wave front immediately goes out in 
’^1 dii^ections from the shot. To simplify the explanation, only 
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linos of travel {m\ se, sj) of certain joints in tlio wav(^ front an* 
shown, and only reflections from the top contacts of the* high- 
speed beds are considered. A point in the wave front will travel 
directly from .s along the sui-faee, or close to the surface, of the 
ground (stw). Tliis is called the surface wave or ground roll. ’'Fhe 
point of the wave front going din'ctly down beneath the t*xplosM)n 
will be transmitteil in part, vertically downward, and reflecte<i in 
part, from suc(*essive high-speed beds (2, 4, etc.), vertically 
upward. Other points on the wave front, e.g.^ i)oint b, will partly 
suffer refraction in i)assing into bed 2 and will i)artly be reflected 
upward from the* toj) surface of 2 at the same angles at which this 
point in tlu^ wave fiont impinged on 2. Here this part of tlu* 
wave front will be n‘fl(*(d;(Hl to //. The (*nergy that travels along 
sb and pass(*s into 2 is again n^fracted in passing into 3, <*<(•., at 
each surface that separates two layers having diflFer(‘nt spc*eds of 
elastic transmission; and at each change in velocity, as at c, part 
of this energy is refle(*ted back toward the surface (cc'). As th<^ 
angle msb im;roases, at h'ngth a critical angU** is n^ached such that 
the wave front impinging on the surface mn (top of 2) will no 
longer enter 2 but will be refracted alc>ng this contact and upward 
to the surface of the ground (ee\ gg\ etc.) along innumerable 
paths, all of which may be regard(‘d as i)arallel to ce', gg\ (*tc. 
These paths will make an angle, tee', equal to set, with mn. Some 
of the energy at this angle will be reflec^Ujd T'Jc'), and, as the angle 
of incidence (set) increases, reflections will b(*come progre^ssively 
weaker (sjf, etc.). A seismograph located, \oi us say, at g' will 
receive some vibrations directly from s (sg), some vibrations 
reflected from mn (sfg'), and some vibrations refracted from bed 2 
(segg'). 

From these facts one may conclude, with reference to a given 
reflecting horizon (e.g„ mn), that recording instruments (seismo- 
graphs), made to detect and record the vibrations produced by 

^ This critical angle is net, which equals angle mse, where te is perpendicular 
to mn at e. The critical angle is defined by the equation, sin i » K 1 /V 2 , 
where i is the angle of incidence (set in Fig. 666), Vi is the velocity of trans- 
mission in medium 1, and Vt is the ^^locity in medium 2. 
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exploding a charge at a point, such as .s, (1) do not indicate 
refract(Ml waves from a giv(^n nwk body if they (the seismographs) 
are set up too near the shot point— t.c., in Fig. 565, at a distance 
less than 2 at, which may be roughly stated as equal to, or less 
than, the depth to th(^ reflecting horizon, mn; (2) indicate refrac- 
tion waves for the most part if the seismographs are set up at a 
distan(;e on the surface of the ground as much as two or thre(i 
times the depth, am, from the shot point, s, to the reflecting 
horizon, mn. 

Further, note that at c', for example, although both reflected 
and refracted waves would be recorded from the top of 2, only 
reflected waves would be recorded from 4. 

In seismic exploration, both the refracted waves and the 
reflected waves can be used to study subsurface geology. Thus 
we have two distinct subdivisions of this work, the refraction 
method that utilizes refractod waves only and the reflection 
method that utilizes mainly reflected waves. These will be 
discussed more fully in Arts. 621 and 623. 

620. Instruments Used in Seismograpbic Work. — In seismir^ 
surveying an instrument known as a seismograph is used to record 
the ground vibrations caused by an artificial explosion. There are 
man 3 ^ varieties of seismograph, which we shall not take space in 
describing here. The instrument consists essentially of a 'mass 
suspended in such a manner that it tends to remain stationary 
when its support is moved under earth shocks. The relative 
motion of the mass and the support is utilized to move a small coil 
of wire in a magnetic field or to vary the magnetic flux through a 
coil and so generate a very small electric current that is a function 
of the ground motion. This minute electric current is then 
amplified from 5,000 to 30,000 times by a vacuum-tube aniplifier. 
After being amplified, the current is conducted to an oscillograph, 
where it actuates either a string or a coil galvanometer. The 
motion of the galvanometer is photographed progressively on a 
strip of photographic paper that moves past a light beam or 
shadow cast by the galvanometer. One-hundredth-second time- 
interval lines, as regulated by a device operated by a tuning fork, 
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are photographed on the paper aimiiltaneouHl}* with the gal- 
vanometer motion. The time of the shot is transmitted either by 
radio or by wire and is recorded on the same paper with the n'cord 
of the seismic vibrations from the explosion (Fig. 574, A and B, 
x). The recording part of the seismograph may be at some 
distance from, though connected by wdre with, the part that 
receives the vibrations of the grounil, in which case th<' latter 
instrument is referred to as a seismometer, geophone, detector, or 
pickup. 

621. The Refraction Method. — The principal object of refrac- 
tion seismic work is to determine the location and depth of high- 
speed strata or formations. This is accomplished by plotting the 
time for transmission of the refracted wav(^ against the distance 
between the shot point and the re(*ording station. In all field 
observations this distance must be determined for each recording 
station, and the exact time at which the charge is exploded must 
be compared with the exact time at which the impulses arc 
received on the seismographic films. 

In the early stages of refraction seismic work, the distance from 
the shot point to the recording station was dc^termined by the 
time necessary for the sound wave from the explosion to travel 
the intervening distance in the air. Because sound waves move 
more slowly in air (1,100 ft. per second) than in the lithosphere, 
'the air waves arrive some time after the earth waves. In long 
shots, the earth vibrations may have nearly died out before the air 
wave is recorded. Since the temperature of the atmosphere, and 
particularly the direction and velocity of the wind, affect the time 
of the transmission of sound waves in air, allowance must be made 
for these factors to correct for distance determined in this way. 
However, on account of the relative inaccuracy of these correc- 
tions, it is no longer common practice to compute the distance 
from the shot point to recording stations by the sound-wave 
travel time but, instead, to survey these distances by transit or 
alidade. 

Time is communicated by radio. As soon as each instrument 
man is ready, he signals by radio, at the same time stating his 
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identity by a chosen sign. The chief of the party waits until all 
the instrument men have signified that they are ready, and then 
he signals to the shooter to fire. When the explosion occurs, a 
small cap, electrically discharged at exactly the same moment as 
the cap that fires the main explosion, also explodes and, in so 
doing, breaks the continuity of the time record that is being 



transmitted to the seismographs by radio and thus records the 
moment of the explosion on the film, 

622. Applications of Refraction Seismic Work to Geology.— In 
field procedure, the seismographs are set up at selected stations 
(recording stations), A, B, (7, etc., and, when the proper time 
arrives, the charge is exploded at the shot point To reduce the 
quantity of dynamite needed and to obtain better records, the 
charge is often placed in holes from 10 to several hundred ft, deep, 
which are drilled for that specific purpose. l'’he object of this 
practice is to put the charge below (preferably just below) the base 
9f^4;he leathered layer. 





GEOPHYSICAL SURVEYING 


r4() 

Fidd work be eondueted areordiiij? to one of two main 
plans: {i) fan shooting or fanning; (2) profile shooting or profiling. 
The shot points and recording stations fi)r both a refraction 
profile and a refractioh fan are shown in Fig. 560. Unless the 
normal relation of the velocity of transmission to depth is known 
from previous experience* in the r(*gion under investigation, 'a 



Fio. 667. — Group of four interHecting fans, shot in looking for a salt dome in south Teica*. 

preliminary profile may be run to ascertain the normal. Such a 
profileis ordinarily run along, or near, a road in order to facilitate 
transportation. The road should be as straight as possible. 
MN in Fig. 566 is a line of preliminary profiling for the area in 
which the fan was later shot. 

Fanning is done where the object is to discover such geologic 
structures as salt plugs, which have a great vertical extent but are 
of relatively small and s^proximately equidimensional horisontal 
cross sectibn. By covering an area by intersecting fans (Fig. 
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507), if the radii are close enough, a salt plug of average size and 
not too deep can hardly be missed, provided the techniciue of the 
work is good. 

On the other hand, in tracing geologic features of great length 
as compared with their width in a horizontal plane, like faults or 
concealed edges of hard strata and the like, or in mapping elon- 
gatofolds, the refraction method of shooting may be carried out in 
a series of interconnected profiles laid out essentially at right 
angles to the direction of elongation of the geologic structure. On 
each profile, each group of recording stations includes at least one 
such station from which records were received from two shot 
points in the line; and, at certain stations in each profile line, 
records are received from shot points on adjoining lines. In this 
way all the obsc^rvations are interrelated. Where indications of 
abnormal structure have been located and it is desirable to (^heck 
back, such profilers may be reversed; in other words, the relative 
positions of the recording stations and the shot point are reversed. 

In both refraction methods, final conclusions are based on a 
comparison of the speed of transmission of refracted waves as they 
should be under normal conditions with the speed of transmission 
of refracted waves as actually observed and recorded. If the 
arrival time of the refracted wave is less than the calculated 
normal for the area under investigation, the difference obtained 
by subtracting the shortened arrival time from the normal is 
spoken of as a ‘‘lead’’ and is expressed in thousandths of a second. 
These “leads” may indicate the approximate depth and form of 
high-speed strata or rock bodies in various types of geologic 
structure. 

When the method is fanning, the shot point, on the map, may 
be taken as the center of a small circle from which, bn a chosen 
scale, the leads noted at the several recording stations are plotted 
along the respective radii. Thus, in Fig. 568, s is the shot point; 
a, by Cy etc., are the recording seismographs; and a', c', f, etc., 
respectively, are the leads measured along the radii from the 
circular base line':rv. Note that the lead greatly increases in the 
central area of the fan* This is due to the presence of a salt dome 
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some 2,000 ft. deej), its outline l>eing indictaied Ijy the dotted 
closed line. We may add that other inters(!cting fans were shot 
before this dome wa.s exactly locafAnl. 

Where profiles are shot, time is plotted vertically and distance 
between shot point and recording stations, horizontally. In 
Figs. 509 to 573, taken from Barton, ‘ 3’i is the time-distance line 
plotted for the wave path directly from the shot point to the 
recording station, through the upper stratum of low v(*locity of 



transmission (Vi) ; and T* is the time-distance line plotted for the 
wave front that reached the lower, relatively high-speed bed (with 
velocity Vi), was refracted along its upper contact, and then 
returned t<J the surface at the recording station. The course of 
this point in the wave front corresponds to such lines as 
»eg^, etc., in Fig. 565. Quoting from Barton,^ with reference to 
certain relations of seismographic records to structure: 

“If the higher speed mass is a horizontal stratum of great 
horizontal extent and if a profile is shot across it, the time distance 

> Bibliog., Bawton, Donau) C., 1929 (ft), pp. 591-59^. 
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^raph will consist of two iatorsccting straight lines, 7\ and 7^2, and 
the slopes of Ti and 7^ will be the banie for all azimuths (Fig. 
5(59)J 



Kio. 5(M). — KiRureH 51W' 573 slum timo-distnnrt* curves and putlis of waves for a series 
of types of simple ffeoloKie sfnielure. Each formation is assumed to be homogeneous and 
isutropio. Figure 500 is of an infinitely extensive level flat-topped buried high-speed 
formation. (See footnote to Fig. 540.) 

“If. the stratum is dipping at a uniform rate, the time-distance 
graph will consist of the same two straight lines but the slope of 
T 2 will vary with the azimuth of the profile and will be at a 



Fio. 670. — Sf« title to Fig. 660, In Fig. 670, the infinitely extensive buried high-speed 
formation has a sloping plane surface. 

maximum if the profile is shot down the dip and at a minimum if 
it is shot up the dip (Fig. 570). The angle of dip and the velocity 
of the lower foimation can be calculated by formulas, fnaii the 
profiles in which T* has the maximum and minimum slope respec- 

‘ T\ represents tijme values of transmissiou of the seismic waves in the 
formation having the low velocity of transmission, Fi; and T*, represents 
lime values for the high-speed formation with velocity Fj. 
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tively, and the diit'rtion of tlu* (fip is th<‘ azimuth of the profile 
in wliich lias the minimum slope. 

“If the stratum is terminated by a si^arp (o) on a profile shot 
from a position over the relatively hip;h-spo(*d mass aeross the 
scarp, Ti is straight up to a critical point beyond the scarp aiul 




B 

Titj. 571. — See title to Fig. 569. In Fig. 571, tin- level >»nrietl 

formation ia cut off by a vertical Hcarp, A, the profile buried in "shot" from ovei the btgh> 
npeed formation across the scarp. B, the jirofile in "shot " from off the higli-M|HH'>d formnt-ion 
aciOHs t^e scarp. (See footnote to Fig. 546.) 


then bends upward to become asymptotic to a line parallel to 
Ti (see A, Fig. 571); (b) on a profile shot in the reverse direction, 
r* is a straight line parallel to, but above, the position which T% 
would have if the F: formation extended to the left under the 
firing point, and the graph is the same as if the Ft bed were deeper 
and extended under the firing point. 
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“ If tho relatively high-npoed stratum is faulted, and is present 
on both the upthrow and downthrow sides of the fault, is 
offset at a eriti(!al point in front of the fault, (a) upward if the 
l)rofile is shot from the upthrown to th(‘ dowiithrown side and (5) 



Fia, 672. — See title to Fig. 5(J9. In Fig. 572, the level flat-topped buried high-speed 
formation is cut by a vertical fault. The profile is “shot” from the upthrown side in A, 
and from the downthrown side in B, in both cases across the fault. 


downward if the profile is shot in the reverse direction. The posi- 
tion of the fault in the high-speed stratum . . . and the throw of 
the fault” can be calculated (Fig. 572).' 

Figure 573 shows the time-distance graph for the top of a 
buried high-speed mass similar to a salt dome. 

Until 1929 or 1930 the refraction method was extensively used, 
especially in search of salt domes, but since that time it has very 
largely given place to the reflection method (Art. 62S) in geologi- 
» BibUog., 1929 (6), pp. 6WI, 593. 
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cal exploration. Its main value lies (1) in <letermining the thick- 
ness of the low-velocity weathered layer in connection with 
reflection exploration and (2) in cliecking anomalies outlined in 
other types of geophysical work (e.g., gravity exploration) where 
those anomalies suggest the presence of salt plugs, igneous plugs, 
etc., buri('d under a shallow cover. In certain areas, ho weaver, 
where reflections arc difficult to get and where there are dense 
strata present in the uiulerground prism, ri^fraction m(*thods may 



Fia. 573.— See title to Fift. 569. In Fig. 573, tlie buried hinh-Hpeed iiiaHH iH tlie lop of a 
salt dome or other siniilar buried high-Hi>eed ihhmm. 

• 

yield more satisfactory results than reflection methods for map- 
ping subsurface structure {e.g., the West Texas Permian Basin). 

623. The Reflection Method. — In the reflection metho<i, the 
distance from the shot point to the recording stations is short 
(from very short to rarely over 3,000 ft.), as contrasted with the 
longer distance (commonly from 3 to 7 miles) used in the refrac- 
tion ^ismic method. The field instruments for the reflection 
method, though operating according to the same principles as in 
the refraction method, differ in their number and arrangement. 
Consequently, the instruments cannot be used interchangeably in 
the two methods without suitable adjustments. 

In reflection work, as in refraction work, the shot is detonated 
at the bottom of a hole drilled deep enou|^ to extend thwm gii the 
weathered layer. The detectors arc arranged usually in a rew 
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iiloiip; the samo line with the shot hole and at ecjual distances 
apart. Thus, they may be 50 ft. apart, so that, if there an^ 12, 
the outermost 2 will be 550 ft. apart, which (listance is known as 
l,h(* detector spread. For any setup, there is a single rc^cording 
station w’here a single record is made, this record consisting of a 
number of synchronized traces, each one of which is the photo- 
graphed path of a Ix'arn of light from a ]xirticular detector or frmn 
a compounded group of detectors. Usually there are from 0 to 12 
traces on a record fs('e Fig. 574). 

There are two otijects in arranging tin* dcdectors in this way. 
(1) K(41ected wav(‘s must be distinguished from refracted and 
diffracted waves as re(*ord(‘d instrum(‘ntally. For practical pur- 
poses, a recorded impulse that shows relatively small diffe^rences 
in its time* of recei)tion on the various tracers is int(a'pr(4.(xl as the 
visible resultant of reflected energy. At least two, and f)ref(Tably 
() or more, traces are n<x‘essary to defin(‘ a r(H*(>rd(Ml impulse as a 
reflection. (2) By thus obtaining slightly diffenuit rt*cord(Ml tinu^ 
arrivals of a wave ndh^cted from a given rock nuxlium (stratum, 
etc.), both the d(‘pth to and the inclination of the refleding 
surface; (?an be calculatcMl (see below). 

To comi)ute and interpret reflection data accurately, one must 
know the average vertical velocity of transmission of elastic waves 
from the base of the weathered layer down to the various subsur- 
face contacts that produce the reflections Velocity data for this 
purpose are secured from deep wells drilled in the area to be 
investigated. A detector, (mclosed in a special case to withstand! 
high pressures, is lowered to known depths in the. well, and for each 
depth a charge is fired at a shot point near the well. At the 
surface of the ground is recorded th(; time elapsed betw^tjen the 
instant of Ihe shot and the arrival of the first elastic w^ave at 
the detector. Two shot points are often ustnl, wdth the well 
located midway between them, so that corrections may be made 
for any deviation of the hole from the vertical. 

The fundamental conception of the reflection method of seismic 
surveying is that specific subsurface strata and contacts, down 
depths amounting to many thousands of feet, can be detected by 
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their specific reflections on records obtained at different locations 
in any desired area. It is a method by which these reflections can 
be identified and studied, and their arrival times can be converted 
into depths. That is, reflection seismic surveying is a physical 
m(?thod of mapping subsurface structure. The records can be 
used in two ways : ( 1 ) the difference in arrival time of a given wave 
on the (iiid traces can be noted and converted into differences in 
depth of the reflecting mcnlium to give its inclination along the 




A B 

V'la. 575. —'Diagram to illuatrato abut point («) and detector spread (x to v) mid- 

spread mcthoij. i, image point. Heflection fium nin to x and y tiavel along paths aox and 
stni/, respectively. Note that when the bed is inclined (B), the center of that part (vw) of 
the reflecting horison from which the reflections are received at * and y is not vertically 
below the shut point. 

line of the detectors; or (2) reflections on a group of records 
recognizable as coming from the same horizon, can be correlated, 
and the depth of this horizon below an arbitrary horizontal 
datum can be plotted at various points on a map, after which 
contours can be drawn. The first is known as the dip method and 
the second as the correlation method. These are .more fully 
described below. 

In Figs. 575 and 576 are shown two ways of setting up the 
detectors in the dip fnethod. In Fig. 675 the shot point is midway 
between the end detectors, which may be from 1,000 to 2,000 ft. 
apart. In Fig. 576, the shot point is outside the group of detec- 
tors and at some distance from the nearest one. The end detec- 
tors are usually 1,000 ft. apart. In practice only the travel times 
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from the reflecting horizon (mn), as indicated on the two end 
traces (from x and y), are used to calculate the dip, the interven- 
ing traces serving merely to correlate reflections across the record. 
As is evident from the figures, the time of travel for an impulse 
from s to mn and thence to x and ?/, will diflFc^r according to (1) 
whether the reflecting surface is horizontal or inclined and (2) 
whether the mid-spread method (Fig. 575) or wide-spread methcxl 
(Fig. 576) of dip shooting is followed. The quickest way of 
translating the time-interval data into distances, arui so into dips, 



A 

Fiq. 676. — Diagram to illustrate shot point («) and detector spread (r to y) in the wide- 
spread method. A, B, and C, representing three relations, need no st>ecial explanation. The 
lettering in the diagrams corresponds to that in Fig. 57r}. 

is by graphic {dotting on croas-section paper. In this manner 
segments of the reflecting horizon, or horizons, are plotted in tht*ir 
proi)er positions with reference to all shot {raints, and a diagram 
like that in Fig. 577 is constructed. 

There are several variations of the dip method. The foregoing 
descriptioir refers to com{)onents of true dip unless the row of 
detectors is at right angles to the strike. Since usually such a 
[>osition cannot be selected in advance, the instruments may be 
set up along two lines at right angles to one another, intersecting 
midway between the end detectors. By this means dip com- 
ponents along these two rectangularly disposed lines can be 
obtained, and the resultant true dip can l»e calculated (Fig. 583). 
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Sometimes the shot points in the mid-spread method are chosen 
on a line parallel to the line of detectors. Thus, for each s(itup, 
the shot point will be at the apex of an isosceles triangle with the 
two end detectors at the base angles. 

From Fig. 577, obviously only one-half the length of any 
1 ‘efU^cting surface is cliarb'd. For great(‘r accuracy, the series of 
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Fta. 577. — Section showing Hips recorded by mid-spread method with shot points at 
Sa, Sb, Se, and Sd. Note that, although the detector spreads \,a, h, c, d) are contiguous, 
end to end, only onc-half coverage on reflecting horizons is obtained in this way. (Cf 
Fig. IS78.> 


detectors in each setup may be placed to overlap one-half of the 
adjacent setups; or, to put it in another way, for eacb setup the 
shot point may be moved only one-half the length of the spread. 
In this way the reflecting horizon will he fully covei^ed (Fig. 578). 
This is called the continuoiLs profile methml of dip shooting. 

There are advantages and disadvantages to each of these two 
metiiods of dip shooting, but we cannot go into these here. In 
gweral the dip method is applicable to any geological province 
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whore weathering is not deep, where the surface relief is not 
excessive, and where regicmal and local dips arc moderate to 
fairly high. 

The correlation method of dip shooting deiXMids, for its success, 
on the degree of accuracy with which the records, made at differ- 
ent localities within a given district, can be correlated with one 


'^d h 



l'’ia. .578. — Section showiiiK dips rocoided by rnid-apreail method with «hoi poiiitn at 
Ma. etc. Here the detector npreads {a, b, c, etc.) overlap by .50 per ceiit, and therefore 
complete coverage of reflecting horiaona ia necured. Piacontitiiioiin reflection linca art* 
explained by failure to receive reflectiona from certain horizons at certain Ktationa. 

another. The reflections from a geologic section consist of a large 
number of low energy reflections from the many contacts and 
beds that have nearly the same physical proiwrties and of a 
smaller number of high energy reflections from the contacts and 
beds that have outstanding physical properties. From these a 
record is made that has definite amplitude and frequency relations 
between the various reflections. The arrival of the reflections, 
one after another, produces interference patterns arifi inten^al 
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rolatioTiK that arc governed by the intervals Ix^tvveeMi the subsur- 
face beds giving the reflections, ''riie n^sult is a photographic 
record of certain physical properties of thc3 subsurface beds and 
contacts, at a specific location, which has amplitude, froquency, 
interference pattern, and interval characteristics that make it 
possible to identify certain reflections on the records and correlate 
them from location to location with considerable accuracy. 


Zu — - — \ 
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Fio, 579. — 8, shot point; i, i, end detecaorK; y, middle detectoi. Other detectors 
between % and t not shown, mn. reflecting horizon (horizontal in A, inclined in B) ; t. image 
l>oiiit. The impulaea received at x, y, and * were reflected from point u, v, and w, respec- 
tively, on mn. Vertically obove «, *, and tr are depth points, 1, 2, and 3, which correapond 
to the pooitions on a map, where the depth of mn, eomputed from the traces of x, y, or t, as 
the oaae might be, would be plotted. 


In the correlation method the detectors are usually set up in a 
row and in line with the shot point, which, as in the wide-spread 
dip method, is outside the detector spread TRe distance 
between the end detectors maj' be from 300 to 900 ft., and within 
thb distance there may be from 5 to 40 or more detectors, equally 
spaced. The shot point may be from 150 to 300 ft. from the 
nearat detectorj^ Therefore, provided the reflecting horizon is 
horizontal, the path of the impulses recorded in the detector 
to the shot point will be almost vertical, and the trace of 
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this detector will indicate reflections from points vertically below 
a point, called the dep/h point' (Fig. 579), midway between this 
detector and the shot point. If the reflecting surface is inclined 
(Fig. 579, B), the depth point will be shifted, depending on the 
amount and direction of dip of this surface. Not all the traces on 
a record are used for computations. For cc^rtain reasons, either 
the trace from the detector nearest the shot point or that from the 
detector farthest from the shot point or that from the detector in 
the middle of the spread (j, y, and 2 , respectively, in Fig. 579, A 
and B), may serve in calculating the depth to the reflecting 
medium, and, accordingly, this computed depth may be below 1, 
or 2, or 3, respectively, in these diagrams. In Fig. 580 are shown 
three records, taken at three different localities in a certain 
district where shallow correlatabh* beds are prc»sent. Note* tlmt 
certain reflections can be easily (*orrclat<Ml a<iross all three of tlu^c 
records. 

624. Applications of the Reflection Method to Geology. — In 

planning a program for reflection seismic field exploration, several 
factors must be considered. If, by experimentation or through 
experience, the dip method would seem to promise satisfactory 
results, this may be selected instead of the correlation method, 
but fpr completeness of the final subsurface picture the correlation 
method is to be preferred, provided correlatable reflections can be 
obtained from the formations to be mapped. Actually, in many 
cases, both the dip and correlation methods are used with the 
same set of records. No matter where the area is that is to be 
investigated, a certain amount of preliminary testing is necessary 
to ascertain the best arrangement of detectors and shot points for 
sccuriryg data under the existing conditions of subsurface strati- 
graphy, nature of the weathered aone, and topographic relief. 

Thus, in preparing to examine an area, whether by dip shooting 
or by correlation shooting, several methods of attack may be 

^ The depth point is the vertical projection, on the surface of the ground, 
of the point, in a reflecting surface, from which a recorded impulse is reflected. 
It is the point; on a map, at which the computed depth to this reflecting 
horizon is plotted. 




Fio. 680. — Three records showing correlation of reflections. For study the records are 
placed as shown, with the top of each recotd to the left. Tenths of seconds are indicated 
along the bottom edge of each record, ns here placed. The time of reception of the first 
"valley” of a correlatuble refection (as a), where this is found on the middle trace, or two 
middle traces, on each record, is translated into terms of depth below a chosen datum (here 
425 ft. above sea level). Thus, on record I, the depth of a is - 1,542 ft.; record 2. o is at 
— 1,585 ft,; and, on record S, this same reflecting horison, a, is at ■" 1,591 ft. Other correlat- 
able reflections are at b and c. 

In each record, x is the time at which the shot ex]>lodes, and y is the "uphole time,” t'.e.. 
the time at which the impulse is recorded by a detector placed on the surface of the ground 
close to the mouth of the hole at the bottom of which the shot in exploded. 
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follo^vocl. If the area Is thought to be iin(hThii?i by a local, rnoi*(i 
or le«s eiiuidimensional, structure, two or mon^ liru^s of obst‘rvu- 



Fig. .“iSl. — Sk<‘tch map to show pro- 
liiniiiary arrauRcment of linfs of nciainir 
exploration (ab. cd) laid out to check a 
HUppoaed local atrurtiirc. 


Fig. 582. -(i id of Uiica alonn which 
HciMinic cxplorat on waa iindci taken in a 
oeriain area to i vehti«ate a block of land 
uiidei which mil ■*urlace Htructural condi- 
tionn were unk 'wrii. 


tions may be run, intersecting at the cc'nter of the supposed 
anomaly (Fig, 581). If the geologic structures are long and 



Fig. r>a3. — Map showinR locations of isolat^^d observations made by dip WK*thod. At 
each station the true dip was calculated from the dip components measured alonft the Uniet 
that intersect perpendicularly, and was plotted on the map by an arrow the lenftth of which 
is scaled to represent the amount of the true dip. 


narrov^ (faults, elongate folds, ete.), parallel lines of observations 
may be run across their trend. On the other hand, if a large 
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block of land is to be covered, without any previous information 
as to what structural features may underlie it, observations may 
be made along intersecting lines laid out as a grid or network 
(Fig. 582); or, if reasonably good correlatable reflections are 
obtainable, a number of isolated setups may be made, scattered 
over the area, and located in the most accessible places along 
roads, or otherwise (Fig, 583). 

In the case where observations are made along intersecting 
lines in a network, reflecting horizons should be correlated in 
loops, returning to the starting point; z.c., each polygon should be 
closed. A definite discrepancy in correlation may thus indicate 
either an error or the possibility of a fault across the traverse. In 
this event the records should be carefully reexamined to see if a 
fault can be located. Where broad reconnaissance is to be done, 
lines of observation may be far apart, or, in dip shooting, the 
recording setups may be widely scattered. If more detailed work 
is required, closer coverage must be planned in the arrangement 
of detectors and sliot points and in the distribution of observation 
stations. 


Electric Methods 

626. Electrical Conditions within the Lithosphere. — In speak- 
ing of the flow of an electric current through a conductor, we 
may refer to the redative ease with which the flow of energy occurs 
as the relative conductivity of the material, or we may speak of the 
degree of resistance offered by the material to the current flow as 
the resistivity of the material. An ohm is the resistance against 
which, or through which, 1 volt can force a current of 1 ampere. 
The specific resistivity of a substance is the resistance offered by a 
cube of the substance, 1 cm. on each edge. Specific resistivity is 
measured in ohms. Conductivity is the reciprocal of resistivity. 

Let us imagine a body bounded by a horizontal plane and of 
infinite thickness and infinite lateral extent, and let us imagine 
that this body has uniform electrical conductivity (or resistivity). 
Consider two points, a and 6, (Fig. 585) on the horizontal surface, 
between which there is a potential difference, the potential at 6 
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being lower than that at, a. As long as this cliflFercnce of potential 
is maintained, an electric current will flow from a to h, "Phis 
current from a to h may be conceived of as flowing along an 
infinite number of curved lines, or lines of flow, throughout the 
entire body. Along each one of th(*se lines there is a potential 
drop from a to b. All points of the same potential on the differ- 
ent flow-lines lie in a curve<l surface, called an equipoiential surface. 
In such an electrical field there is an infinite number of equi- 
potential surfaces. Any equipotential surface is perpendicular 
to all the lines of flow (Fig. 585, A). Within this ideally uniform 
body, the point midway betw(‘en a anil b is tJie potential center. 

In the lithosphere there is nowhere a condition of uniform 
electrical conductivity (or resistivity). Rock masses differ very 
greatly in respect to this property.' Dry rocks are poor conduc- 
tors. Coal and salt, when dry, are very poor conductors, having 
a high resistance to the passage of eUrtrical currents through 
them. However, under natural conditions, rock bodies are mon^ 
or less wet, either on their outer surfaces or within their pore 
spaces. The result is that the electrical conductivity of a rock 
body is usually dei)endent more on its interstitial (pore spaccO 
content of water, and particularly on the nature and amount of 
soluble salts dissolved in this water, than on the mineral charac- 
teristics of the rock itself. Fresh water is comparatively resistant 
to the flow of electrical energy, whereas salt water is an excellent 
conductor. Clays and shales, having pore spaces too small to 
permit circulation, and, therefore, containing more or less original 
connate salt water, may be better conductors than sands or sand- 
stones in w'hich greater freedom of circulation has diluted and 
freshened the included water. Sundberg states that ^'for practi- 
cal pui'poses . . . the specific resistance of a natural water is 
generally determined by its content of chlorine.”® He gives the 
h)llowing table of the estimated resistivity of different rock 
materials when their pore spaces are filled with fresh or nearly 
fresh water, and when filled with salt water, 

1 Sec discussion of this subject on p. 573, under 430 , 

» Bibliog., SuNUBERQ, Karl, 10^ 
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SPBi’inr’ Ukkistani’b in Ohms i*eu (’riiir Centimeteu^ 



l*on*s filled with 

Porca filled 

K/)r‘k 

surface waf.er or 

with salt 


ground water 

water 

Limestone* and RundHtonf. 

100,(K)(>-1,000,0(M) 

r)00-4,000 

Sand and cliiv 

40,000-400,000 

200-2,000 

Marl, locsH 

2,000-20, (KH) 

! 

20-200 


> HihliOR., SUNUIIBHO. Kahl. 

The spoeific. rc^sistan(*<» of (*ni(lo petroleum is enormously high 
as contrasted willi most other subsurface materials in sedimentary 
formations. It amounts to 10'** to 10^® ohms. 

Because of the* divc^rsity of conditions within lithosphere, 
the effects of th(^ <liurnal heating and cooling of the earth \s surface 
in its rotation, the (‘ff(H‘ts of magnetic storms and variations in the 
earth’s magnetic' fic'ld, and other causes, there are always local 
and regional diffenuicc's of potential within the earth. These 
differences of potential rc'sult in the flow of electrical energy from 
places of higher potential to places of lower potential. These 
natural currents are called ground, CMrrents or earth currents. 
They are very irregular and are subject to freciuent change. In 
some localities, as for instance in areas underlain by sulphide ore 
bodies, they may have considerable stnmgth. 

626. Classification of Methods of Electrical Surveying. — The 
many methods which have been practiced or testi'd in electrical 
prospecting may be classified in two main groups: 

1. Self-potential or electro-chemical methods, which make use 
of earth cun'cnts; 

2. Those methods which utilize electrical fields df force arti- 
ficially produced. These include: (a) resistivity methods, (b) 
surface potential methods, (c) induction, or electromagnetic 
methods, (d) radiation methods,^ and (c) the electrical transient 
method. 

> Wc shaU not discuss the radiation, or high-froquenoy, methods in this 
book. 
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Tn all these ihethods the underlying principle involve<l is the 
measurement of the deviation of the observed <*le(drieal proper- 
ties from tlie values or directions which these' {)roperties would 
have und(‘r ideal conditions of uniform conductivity, like those 
postulated in Art. 526. In the case' of eh'ctric currents and fields, 
we speak of these deviations as the distortion of flow-lines, or the 
distortion of ecpii potential lines, or the displacement of the 
pt)t(uitial center. 

The reader will note that all but the self-potential methods 
may hv compared with the seismic method in that the results 
sought are based on a study of artificially api)lied fields of force. 
The self-potential methods in this rc'spect are more like th(i 
gravimetric and magnetometric methods, which deal with natural 
fiedds of force. 

With refereiK'e to the* second group of mcjthods, which utilize* 
an artificial current, it is customary to balan<*e out any earth 
currents before taking readings on the* artificial fi(*ld. 

In some methods of ele<‘trical prospecting the artificial field is 
established inductively. In others, it is produced by means of 
ground contacts through which the (Jectric current flows. I'liis 
is done by means of electrodes which an^ counectcMl above ground 
by adequate wire leads to a source of current supply and below 
ground by the earth itself, thus completing the circuit. One of 
the difficulties attached to these electrical methods, in using 
uninterrupted direct current, depends on the fact that ground 
contacts or electrodes, if not very carefully prepared and used, 
tend to become polarized through local chemical action, which may 
cause variable potentials betw'cen the electrodes of such magni- 
tude as seriously to modify or mask the current effects to be meas- 
ured. This'polarizing effect can be overcome by certain methods 
of reversing the energizing current applied to the electrodes. 

The self-potential methods have their greatest value in mining 
districts where some success has been attained. We shall not 
dwell upon these methods herc.^ 

» Bibliog., Heiland, C. A., 1029, p. 102; Ambbonk, Richard, 1928, pp. 155 
el seq,; Rve, A. S., and D. A. Kevb, pp. 53 H seq. 
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627. Methods Which Utilize Electrical Fields of Force Artifi- 
cially Produced.- First among tlM*sn niothods arc tlioso whicli 
involve* th(^ niofiKuremoiit of earth resistivity betw(;eii selected 
points. l'h(\se an^ the resistivity imdhods. Here belong the 
(iish-Jtooncy method, the “ M('ggt‘r^^ method, the Jakosky 
ni(*thod, and othc^rs. Four ele(^tro(h^s ai’o staked in tlu^ ground at 
efjiial distances along a straight line. The distance from each 
outer electrode, C\ and C' 2 , to the nearest inner electrode, and the 
distance betwe(*n the two inn(*r (ilectrodes, Pi and 7^2, may be 
referred to as D, A current (eithcT direct curn^nt or alternating 
current) flows through the ground from C] to (72, the diiference in 
potential betweem 7^i and P* is measured, and the resistance 
b<*tween Pi and Po is calculated. Kxpcjricmce has shown that for 
practical purposes and at relat iv(Jy shallow d(*j)t}hs, th(^ resistivity 
of the earth or soil can measured in this manner to a depth 
equal to D. Therefore, by starting observations with the dis- 
tance, D (Cl to Pi = Pi to P 2 = P 2 to C 2 ) small, and then succes- 
sively increasing D by regular stages, it is possibhi to measure the 
ri‘sistanc(* of the earth to greater and gr(*ater depths. Hence, 
in plotting a curve of resistivity for incr(*asing depth, any marked 
bn^ak in the curve Avill indicate the prc*sence of a body of either 
lower or high(*r resistivity, as the case may be. By making 
readings of this kind over a wide area, obviously a system of 
elevation pointvS can be secured for <*ontouring such a body. 
In this way, it is sometimes possible to map the subsurface con- 
figuration of buried river channels, shallow salt domes, ground- 
water levels, faults, etc. 

Details regarding the several resistivity methods may be found 
in the publications already cited. 

The second group of methods utilizing an artificial current, 
includes the surface potential methods. According to one plan, 
the linear electrode method^ developed by Hans Lundberg, two 
copper wires, 2,000 or 3,000 ft. long, are laid on the ground 
parallel to one another, and 2,000 ft. or more apart. These wires 
are connected to the ground by stakes at intervals of 100 ft. 
One pair of adjacent ends of the wires is connected to a generator 
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whirh supplies a current (A.C. or D.C.) that flows through one 
wire, entering the ground at the several ('le<*tro(les (stakes), pass- 
ing through the ground and into the other main wire*, and so back 
to the generator. If the subsurfaee were honu^geneous, the eur- 
rent flow lines would he approximately per[)endi(*ular to th<^ main 
wires and the ecpii potential lines would aiiproximately parallel 
to these wires. Any relatively highly eondueting body within th(‘ 
field will crowd the current flow-liiH\s as obs(*rved on the surface 
and will cause the (»(iuipotential lines to bend out around it (Fig. 
584). A highly resistant body will have the opposite effect A 

In Schlumberger’s dinict current (D.C.) method, the point 
electrode method^ an el(»ctric field is })roduce<l by suiiplying an 
electric current to tlu* ground through two primar}'^ point elec- 
trodes. With secondary'^ or “exploring (‘lectrodes,” tin; form 
and distribution of the lines of flow, or the form and distribution 
of the equipotential lines on th<» C‘U!th\s siirfai^e, l)etwwn the two 
ehictrodes, can be studied and mapped. Above* a good conductor 
within the depth limits of the method the ecjuifiotential lines will 
spread apart, and abov(' a bad conductor th<*y will crowd together 
(Fig. 585). By Schliimberger’s m(*tliod some sucr(*ss has been 
achieved in mapping buried anticlinal and synclinal structures 
(Fig, 586), faults concealed beneath alluvium, shallow salt 
domes, ore bodies, etc.^ 

A method developed by S. H. Williston and 1{. Nichols, 
called the potential center displacement method^ is designed to 
identify on the ground the potential cent(*r of the field artificially 
created, and to measure the amount and direction of the dis- 
placement® of this point from the gc*ographic center which it 
would occupy if the earth had uniform <4ectrical conductivity. 
The dfsplaoement of the potential center is an index of the sum 
of the distortions which may be caused in the electric field by 
irregular distribution of resistance characteristics below the 

1 In using alternating current of sufficiently high frwiuency, capacitive and 
inductive effects, as well as the conductivity of the bcjdy, become of impor- 
tance. 

* Bibliog., Lkoi^ardon, E. G., andSilERWiN F. Kelly, 1039. 
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Fig. 584.— Current flow-lino« (danlif'd) and etjuipotontial linos (sulid) in a field estab- 
lished by two parallel linear electrodes, an' and bb'. A body of high conductivity, c, would 
distort the field as indicated in the figure. 



A B 

Fig. 585. — ottrre&t fiow4ines (dashed) and equipotontial lines (full) in a field estab- 
lished bgr two p^t eleotrodes in a medium of uniform conductivity. A body of high eon- 
ijfuotivity (<) would distort the field as indicated in B. 
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surface of the ground and still within the effective exploration 
depth and radius of tlie field. Fi<»ld observations are made 
along a straight line, carefully surveyed, on which station points 
are staked out at regular intervals, /, of 250 or 500 ft. On this 



Fio, 586. — Mnp of th« region of thi; Doldcwchii anticUne in Kouruunia, nhowing lin«t of 
equal rcflistivity 0. 2, 3, and 4) hk determined by the Bchlumberger method. Hieiw linee 
correspond fairly well with contours on the structure (not shown). (After £. C. Leonardoii 
and S. F, Kelly. From “Geophysical Prospecting: 1929,” published by the A, 1. M. M. £. 
See Bibliog., McLaughlin. K. P.. 1929.) 

line, the primary electrodes are placed at a much greater distance, 
D, apart, ranging from 3,000 to 10,000 ft. The field is then 
energized for a short period of time, and the potential center is 
located and mapped. The whole system is next “stepped” 
forward, still maintaining I and D constant, and the proc^ure 
is repeated. In this manner, step by step, the full length of the 
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lino in surveyed. The effective f^xploration depth may* be 
ivKanled as roughly cMpiivahmt to D/2, 

By su(;c<wsive series cjf observations of this kind, with a diff or- 
ient value for D in each series, the efTectiv(^ exi)loration depth may 




J’lO. .587, — A, potential centf*r displftceinoiit pioHle. B, map of an oil field, ahowing line 
of electrical ohHervaUona. ab. In theae figurcH only the components of displacement along 
the lino ab are represented. In A, the uniount of this displacement of the potential center 
is shown in feet, east wan! above the zero line, or base line, and westward below the baw 
line. The greatest displaceineiit urns found at « and t. In B, any dis]>lacement8 of more 
than .30 ft. are shown by a symbol of which the total length of the cross line represents the 
amount of this displacement, and the arrow head iudirates the direction. Note that the 
maximum distdacernents, * and f (corresponding to s and t in Fig. 587, A) lie close to the 
east and west edges of the oil pool. 


Ih! decreased or increased, thus enabling the ob8er\'ers to. study 
the subsurface conditions at various depths. 

The data obtained are plotted in the form of a potential center 
displacement profile (Fig. 587, A). The displacements are at 
a maximum approximately over the edges of a relatively highly 
resistant body with lateral limits. In other words, this method is 
devised to outline the edges of laterally discontinuous highly 
ranistant, bodies. It can l)e applinl in the mapping of subsurface 
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f;(»()l<)gic structures, and also in the search for, and mapping of, 
hidden ore bodies (low resistance), and oil pools (Fig. 587). 

In these or other ocpii potential methods, where direct curn*nt is 
used, the depth of penetration is assumed to lx* roughly one-half 
the horizontal distance between the primary electrodes. Witliin 
reasonable limits, then^fore, the farther apart these electrod(vs an* 
placed, the deeper can one explore b(*low the earth's surfa<*e; but 
it is to be reineinb(»re<l that this statement does not take into 
account possible* screening effects at the shallower d<^pths, nor the 
relative strength of the effect b(*ing souglit or measiireil at the 
greatt‘r depths. Within a given distance below the surface, other 
things being equal, a weak conductor or a moderately n\sistant 
body might not bo dete(*tabl(*, whereas a good conductor or a 
highly resistant rnediurn might be discovered. 

A third group of el(x*trical m(;thods, founded on artificial 
(decdrical fic^lds, includes the induclion or daciromagnvtic methods. 
As an example of oiu^ of th<‘se, we may briefly outline the Sw<*dish- 
American method. ^‘An insulated copper cable is laid on the 
ground, usually in the shape of a large rectangle. An alternating 
electric current of moderate' frequency is sent through this cable, 
and the resulting electromagnetic fiehl," induced in the ground, 
“is .measured . . . along transverse* profiles which cross the 
cable at regular intervals. Usually the ele^rtromagnetic field i.s 
measured on each transverse line at several different distances 
from the cable, and both the horizontal and vertical components 
of the field are measured in regard to amplitude and phase."* 

The transverse profiles are commonly laid mit from 1 

mile apart, and the observation points along these profiles are 
from ^00 to 1,500 ft. apart. In its application to structure 
mapping in* regions of sedimentary beds, this method is baseil on 
the fact that, in any sedimentary series, some beds are of rela- 
tively high conductivity, and so partially shield underlying strata 
from penetration of the electromagnetic effects. The depth to 
such a conducting body is determined at numerous points to he 
used in structure mapping. Experience has demonstrated that 

> Bibliog., SuNDBBBQ, Karl, 1930. 
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Fio. 688. — Map of part of the Bruner or 8alt Flat oil field in Caldwell County. Texae. 
dB ie the position of a fault determined at a shallow depth by the indi^tive method of 
electrical surveying. CD is the trace of the same fault (which dips west) where it cuts the 
top of the Edwards Umeetoue, much lower in the series than the formation cut at AB. The 
se^on lines (IV and V) are the lines along which electrical observations were made in this 
part of the field. (See Fig. 589, and also compare Figs. 550 and 551). Figure 588 copied 
from Hedstrom, with modifications. See Bibliog., Hedbtkou. Uelmeb, 1980. Itepro* 
duced with permiasioit of the Am. Assoc. Petr. Geola.) 
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laterally a conducting stratum or group of strata may maint ain its 
characteristics of conductivity ami thickness (which together giA'c 



Fko. 589. — Sections IV and V showing electrical proxies (through cromies) in reJatiou tc 
Salt Hat structure. (After Uedstrom.) (See Fig. 588.) (Reproducetl with permissiou 
of Am. Assoc. Petr. Geols. See Bibliog.. Hkdstrom, liaiaiKH. 1930.) 


the so-callcd induction factor, the quantity njcorded) over con- 
siderable distances. 

In general there is one ekctrical transient method^ known by the 
trade name Ettran^ but it may be varied in many ways. This 
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tnothod utiliz(\s “a rapidly nhanginp; dirc^ct current which may be 
either a >sinipl(? sliarj) change in magnitude of current, or a short 
intense^ unidirectioiuii pulse* of current/’^ The earth is excited by 
these short-p<*-riod electrical impulses introduced at one or more 
pairs of spaced current (*le(,*tro<les, and ilu* voltage appearing at 
potential ele<;trodes is passed into an instrument called an oscillo- 
scop(% wliere tin* wave form is photograi)h(*d. Variations in wav(* 
form are presumed to be* caus(*d by changes in the electrical 
properties of the underground nnidiums investigated. This 
method is being applied more particularly in trying to localizi^ 
ar(*as that may be underlain by oil. 

Summary on thk (iKopuYsieAL Methods 

628. Limitations of Methods. In the structure of the litho- 
sphere, rock formations of varying physical character are vari- 
ously disposed. On tin* av(*rage, rocks are denser with depth; 
but in some places formations of relativ(‘ly low density are buried 
deeply, and in other plact*s v('ry denst* rocks are near the surface. 
Similarly, from one locality to another there may be wide differ- 
ences in the (dasticity of the und<*rground formations. Or, again, 
materials of comparatively high magnetic suH(*eptibility may be at 
slight depths in one district ami at great depths in another 
district. And finally, marked differences may be observed in the 
electrical condiu^tivity of certain formations contrasted with 
others. 

Theoretically, any subt(*rranoan rock body can be distin- 
guished, by geophysical measurements, from adjacent rock bodies 
from which it diffei-s in respect to any of these properties; but in 
practice the results of such measurements are distinctly limited, 
partly because of the inadequate sensitivity of the instruments, 
partly because of the difficulties of making accurate observations 
under field conditions, and partly because of the difficulty, and 
often impossibility, of discriminating between the numerous 
unlcnown subsuKace effects which together, at any given locality, 
compose the resultant actually measured. 

^ BibGog., Rust, W. M., Jk,, 1940. 
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It is very important tlmt the geologist should nn^ognizc*: (1) 
that, in geophysicial surveying, methods aic* a\’iiilabl(‘ whieh lie 
may be able to use to advantage in si*eking an explanation of 
subsurfaee striieture; (2) that all tlu'se methods hav(‘ limitatioiis 
which must be understood and evaluated as far as possible* for 
the most satisfactory int(*rpretation of IJie n*sults; and (3) that 
all these methods are not (*(iiially suitabh* for any given area or 
])roblem. The b(‘st method must be sele(‘t<*d after (*ar(’ful con- 
sideration of all the factors involvc'd. 

Of the four groups of geophysical methods which we have 
briefly described the s(*ismie and gravim(‘trie methods have 
yielded the most reliable results, y(*t even in these* analysis of 
the data is difficult and should be ai tcmipted only by jiersons who 
have had adequate exp(‘rienec. 
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GEOLOGIC TIME SCALE 


(ioolosic time is subdivided into eras, periods, epoclis, etc. The corre- 
spondiiiK names for tlie rock bodies are sequences' or groups, systems, and 
series, respectively. Note tluit Ihe titles luider these subdivisions are 
arrangcul in the list, with old(*st at th(‘ bottom of the (;olumn and youngest 
at the top, in the stratigraphic s(‘(juence of the formations which they 
reproseiil. 


Era of Group 


0:nozoic 


Mwsfizoic 


pALK()Z<lir 


Proterozoic 


Archeozoic 


Period or System 

'Holocene (H(‘ceiit) . 

PloistocMK- ^Quaternary 

•Pliocene 


(t. 


IVrtinry 


I Mio(H*ne 
Oligocene . 

, Kticene ) 

Cretaceous ( I ^pper Cretaceous) 1 , 

(k)manchean (Ijower Cretaceous) 
Jurassic 
Triassic 
, Permian 

Pennsvlv.inian i .f ^ 
|Misai.ssii>pian K<‘rl>onifero.i8 
[ Oevoniaii 
Silurian 
Ordovician 
C'ambriaii 

! K('w<'enawaii 
Aiiimikian 
Iluronian 
Algoniian* 

Suvlburian 
fliaurentian* 
t Keewatin 


"retaceous 


*Tho word ** group,” although originally proposed for the rock body 
equivalent of the time division, “era,” is now' more commonly applied to a 
much smaller division. Hence some geologists prefer to use “sequence,” 
as recommended in 1933 by H. C. Mooi*e. See a discussion of this and 
other similar terms in Geol. Soc. Am., Bull., vol. 51, No. 9, pp. 1397-1412, 
September, 1940. 

> Although “Alflomian” and “ Lauren tian,” as now used, refer to periods 
of mountain buHaing and batholitliic intrusion, further investigation of the 
Pre>^Oainbrian terrane may reveal stratified formations which were of con- 
li^inDOiAneous origin. 
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IDENTIFICATION TABLE OF COMMON ROCK MINERALS> 


Non metallic 
lifflit- 
colored 


Hard 


Soft 


Hard 


NoiuneiaUic 

dark- 

colored 



Show cleavagp< 


1 


Flesh-colored, stubhy 

Cfray-while, hiihltke, stiiutH. 
Green eoluiniitir ... 
firuy or led, preasy liiHte*, sol 


, Oilhoclasc 
. Pla^ioclaao 
. Actmolite 
, Nepholine 


Fracture only 


/ iHOiiieti ic ciystalH in dark rocks Ijicucite 

ICireen, glassy, gianiilar Olivine 

"i Fnie-gmiiieil. ycllnwisli gieen Kpidote 

VGlassy. varKMJsiy coloied Quartz, chert 


( 'leu V age 


Fracture 


Cleavage 


Fracture 


Cubic, sail V tiihU' . Halite 

'UhoiiibohediHl cleavage, 11 *• 3 ('alrile and 

duloniite 

Flexible platOM, etc., H •» U (iyiisuin 

i Rectangular cleavage, H “ 3.5 . , . Anuydrite 

Soapy feel, H » 1 . . Talc 

Kkastic mica Muscovile 

Fibrous, brittle, II <» 2 -4 Zeolites 

'Fibrous, flexible, H * 2 4 Anbestoa 


{ 

{ 


Yellow, burns with blue 

Farthy . 

Waxy look, H « 4 

Soapy fetd, H »< 1 


Hlue.k 


cleavage about IW)®. 
cleavage about 00", 


Green, poor cleavage 


Sulphur 
Kaolinite 
Herpnuitiiin 
, Talc 

Augite 
. Hornblende 

, Kpidote 


{ Dirty green Kpidot.ft 

Brown, orlhoiliombic Stuurolitir 

Red, isonietrir. glassy (lariiei 

Black, hexagonal columns llutnd. . . .Tourmaline 

Variously colored, waxy Jasper, (|uartx 

Black lured, eoiichoirtat Obsidian 


Cleavage 

Fracture 


) Brown to black, elastic iiikn Hiotite 

Green to dark blue-grny, H *• 1 Chlorit<e 

Brown rhombohedrons Sideiito 

/Earthv Olay 

I Green to dark blue-gray, il 1 Chloric* 

] Green, waxy, II « 4. HerpettUne 

VGreen, dark, sandy grains Glauconite 


MetaUio- 

odored 


Black 


Streak black 


( HfirdriPM - 6 J magnetic. . . 

1 Haro rtcM o j weakly magnetic . . . . 

I HardncM I to 3 


Streak red . . . 
Streak yellow, 


Magnetite 

llmenite 

Graphite and 
coal 

Hematite 

Umoidtc 


Red 


Metallic 

Rarthy. 


Copper 

Hematite 


\ i Metallic, black atreak, H *5... Byiite 

' { Earthy, yellow etreak Umonite 


1 Reproduced ivitb perinuiion of Prof, Frank F- Groat a»4 D, Vaa Noctraad Comiwiiy, 
Inc., from p, 20 of Grout's revised editioii of "Kemp’s Handbook of Roeka," pub^ed in 
1040 by D. Van Noetrand Company. Inc.. New York. 
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CLASSIFICATION OF IGNEOUS ROCKS* 


Minf'rul non,- 
BtititnntB 

Dominant 
feldspars are 
o 1 t Iw) « 1 a H p 
and riiirro- 
oUnn 

I’otatih feld- 
spar and pla- 
fciop.laae in 
nearly equal 
proTiortioriH 

Dominant feldspara are 
plagioclaae 

Little or no 
feldspar prot>- 
ent 

i 

Quarts is a 
p r i n r i r> a 1 
oonntituont 

(A) Clranitp 

(B) Hhyolitp 

(C) Aplitp 

(A) Clranodio- 
rite 

(B) Dellenito 

(A) Quartsdiorite 

(B) Dacite 




1 //■■<\ I?:.!..:*.. 

/ 

iO) Trap 




\ 



e 

1 

0 

'a> 

1 

C 

m 

1| 

|- 

(A) Sypiiito 
(H) Triiohyte 

(A) Monsonite 

(B) l.<atite 

(A) Diorite 

(B) Andesite 

(A) Gabbroj 

(B) Basalt \ 

/dark min- 
erals, 
chiefly 

1 hornblende 
or biotite 
ior both 

'’dark min- 
lerals, chiefly 
PSrroxene or 
olivine or 
.both 

(A) Peridotite, 
etc. 

(B) Limburg* 
ite, etc. 

a 

a 

n 

If 

r 

— ^(C) Lamprophyre 





(A) Nephelin.* 
Nyeiute 

(A) Nepbeline 
monsonite 

1 (A) Theralite (essexite) 

1 (A) M issoii r- 
ite, etc. 


(B) 1‘honoiite 

(B) Viooite 

1 (B) Tephrite and basan- 
1 ite 

(B) Nepheliu- 
ite, etc. 


» Thi» cla*M#ifioalion has born oornpiloH from tables by Pirsson ^see BiblioK., PiaasoN, 
L, V., ami A. Knoff) ami tables prepared by F. M. Van Ttjti. and H. T. U. Smith. 


In tisinfc the table* note that (A) refers to granitoid (even-granular, coarse- 
grained, or phaneritic) rocks, whereas (B) refers to felsitic (fine-grained or 
aphanitic) rocks. If rticks tinder these groups are porphyritic, add the word 
porphyry to the class. Thus, we may have granite porphyry, rhyolite 
porphyry, basalt porphyry, etc. In the same uianncr names preceded by 
( 9 ) may be used before obsidian to indicate 'that the aphanitic rock is glassy; 
thus, rhyolite obsidian; trachyte obsidian; etc. Finally, breccias and tuffs, 
belonging to the pyroclastic group may be designated as rhyolite breccia or 
tufff txpehyte breccia or tuff; etc. (C) refers to special rocks that occur as 
40^ tisu^y either finely granular or aphanitic. 
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CLASSIFICATION OF SEDIMENTARY ROCKS 

A. ROCKS PARTLY OR WHOLLY MECHANICAL IN ORIOIR, CONSISTING OT 
PARTICLES OR FRAGMENTS OF PREEXISTING ROCKS 


(a) Constituent jiarticles or Iracments distinctly visible 


Pscpliitc* group 

I 

U naminilulated 

ComtftlidaUd 

Residual 

Residual gravels 

(hoarse arkose 

Arkime Conglomerate 

Arkose breccia 

Transported 

Talus 

Lan(lslid«‘ debris 

Till 

Gravel, pebblc^s, etc. 

Volcanic bonilis, fraginenU, 
etc 

Residual sand 

Talus breccia 

Lamlstide breccia 

Tillite ^ 

Conglomerate 

Volcanic breccia, agglomer- 
ate 

Psammite' 

Ibetidual 

Arkose from feldsimthio rocks 
Gray wii eke from fermmagne- 
sian rocks 

group 

Transported 

Sund(fliiviattle,marine,cto.) 

Sandstone 

1 


1 Volcanic ash ' 

ruff 

(b) 

0>uatituent particles indistinguiahable; rock very fine-grained 



{ V nrOMolidnted 

I Connolidaied 


liesiduul 

' R€*sidual clays, laieritc, 

i Residual clnystones, etc. 



j terra rossa, etc. 

1 

Peliie^ group 

TrnTu»ported 

1 Clay 

Claystonc. argillite 



Mud 

Mudstone, shale, slate 



Loess, adobe 




1 Glacial clay (rock flour) 



B. ROCKS OF CHEMICAL ORIGIN, SOMETIMES INDIRECTLY DUB TO THE 
ACTION OF ORGANISMS. MORE OR LESS FIRMLY COMPACTED 


Calca rcotts series Tufa, t rav crtiitc, oolitic limestone, dolomite 

Siliceou B series Sili reous sinter (g eyserite), chert, flint 

Iron ores I Ferrous carbonate (siderite), greensand, bog iron ore, 

hematite _____ 

Bvaporatifliii prodocta Gypsum, rock salt, alkali, etc, 


C. ROCKS DIRECTLY OF ORGANIC ORIGIN 


• 

U neofifiolidated 

CnruudidaUd 

Calcareoua series 

Shells and shell fragments 

Oose 

Shell limestone 

Coral limestone 

Chalk 

Carbonaceoua terlee 

Peat, etc. 

Coal series 

SUkeoue Mfiet 

Diatomaceous earth 

1 Tripolite 

Phoephetet 

Ouano, etc. 

Phosphate reek 


> These terms are derived from Uie Greek The equivalent terms, derived from the 
l^atin. and preferred by some geologists, are nidite (from rudas, rubble), arenite (arena, 
sand), and lutite (ltdta, mud). 
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APPENDIX V 


CLASSIFICATION OF METAMORPHIC ROCKS 


A. ROCKS WITH A PARALLEL STRUCTURE WHICH IS OFTEN VERY 
CONSPICUOUS 


Constituents prifcipsUy silicstes 
and Qusrtz 

OnciflHoa 

Schists (inica schistH, chlorite schists, hornblende 
schists, talc solusts, etc.) 

Slates 

Phyllitcs 

Principal constituents carbonates 

Impure marblc>8 iinrl dulomitc^ 

Principal constituents hematite and 
quarts 

Itabarite 

Principal constituent carbon 

Oraphite 


B. ROCKS COMMONLY MASSIVE; SOMETIMES WITH POORLY DEVELOPED 
PARALLEL STRUCTURE 


Constituonts principally quartz or 
(and) silicates 

Quartsite 

Hornfels . 

Serpentine 

Soapstone 

Many diverse products of thermal irietaniorphism 

Principal constituents carbonates 

Marblo 


Dolomite 

Principal constituents magnetite* 

Magnetite rook 

qnorts* etc. 
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APPENDIX VI 


TABLE FOR THE IDENTIFICATION OF CLASTIC SEDIMENTARY 

ROCKS^ 

This table is applicable to both the unconsolidatetl and consolidated states. 
For the sake of brevity, however, a deposit, when referred to, will be f^iveo 
one name and not all the terms which might be applied to it in its different 
stages of lithification. The primary division of the table is based on tex- 
ture, for this is perhaps the most striking character of clastic materials. 
There are three grades, pscjphites, psaininitCB, and pelitejj (see Appendix 
IV). In assigning a deposit to one of th€is<! groups difficulty niay be experi- 
enced because there is sometimes great variation in texture even in small 
exposures. In such a case, if one grade of coarseness pre<iominates (e.g., 
gravel), look up the material under that grade. If two or three grades are 
about equally represented, look up the material under the coarser grade. 
Remember that all the features noted for a particular kind of rock arc seldom 
present; also, that one characteristic feature is not enough to determine 
the origin or classification of a rock. Study the deposit carefully and 
suspend judgment until every possibility has been considered. 

Under ‘‘Sites of Deposition^' are mentioned the principal areas where 
deposition of the sediment may occur. “Structure" ref ers to the arrangement 
of the constituent particles and fragments, and to the nature of the bedding 
in stratified materials. In the column headed, “Surface Features" (omitted 
under psephites), are remarks on ripple marks, sun cracks, and other phe- 
nomena which form on the original surfaces of sands, muds, and clays. 
The larger constituents of the psephites (pebbles, etc.) and the finer matrix 
in which these are embedded receive attention in separate columns which 
together correspond to “General Characters" in the sections on psammites 
and pelites. Under “Associated Materials" are mentioned only a few sig- 
nificsiit associations out of many which might be ciUKl. The student will 
find it advantageous to look back in the earher chapters of the book for the 
more complete deecriptiona of the features listed in this table. 

»See Art 106. 
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PSEPHITES (GRAVELS, CONGLOM- 



SitPH of clf'puDition 

Structure 

Matrix 

Marine end 
Littoral 

Nearly all littoral, 
high on beach. 

Pebbles usually touch one an- 
other. Well sorted. Pebbles 
may have a definite arrange- 
ment. Structure may be pell- 
mell. liarger strati fi ca ti on 
good; may not be visible. Lo- 
cal unconformity and cross* 
bedding occasional. There 
may be sand lenses which are 
elongate parallel to the shore 
line, liarely over 100 feet 
thick. 

Clear sands, fairly 
well sorted. Grains 
angular to rounded. 

Lacnatrine 

On lake beaches, 
pniu'ipiilly above 
the water line. 

Similar to marine. 

Similar to marine. 
Ticss well sorted 
and less clean. 

Fluelatile 

Alluvial cones and 
piedmont plains, 
along channels of 
rapid streams; 
small dvlius. 

Frequent textural variation. 
Sand lenses common; these of- 
ten cross-bedded and showing 
contemporaneous erosion at 
their upper surfaces. They are 
elongate parallel to the course 
of the sueaiu. Tendency fui 
materials to accumulate in 
discontinuous layers. Beds 
vary greatly in thickness. 
Sorting may be very poor, like 
some till. Matrix may be so 
abundant that pebbles do not 
touch one another. Cross- 
bedding and local unconform- 
ity frequent. Series may be 
many hundred feet thick. 

Poorly sorted. 
Grains angular to 
rounded. More apt 
to be rounded than 
lake and marine 
sand grains. 

Aqueoflacial 

Typically in kames 
and eskers and up- 
per layers of sand 
plains; also up- 
stream part of val- 
ley trains and out- 
wasii aprons. 

Very similar to fluviatile allu- 
vial cone gravels as described 
above. Stratification may be 
good, poor, or absent. Struc- 
ture often pell-mell owing co 
rapid deposiUm or to aliunp- 
ing after depomtioa. 

Poorly soiled; an- 
gulftr and subangu- 
lar grains predomi- 
nate. Many grains 
may consist of 
feldspar and other 
deeompoeable min- 
erala. 
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SRATBS. BRECCIAS, ETC.) 


Larger fragments 
(pebbles, eto.) 

Associated 

materials 

Relations to subjacent materials 

1 

Well-rounded, smooth, with a 
dull polish. Sise pretty uni- 
form. 

•Sands and s a ii d- 
stones; sometinu'H 
limestone which is 
apt to be of organic 
origin. 

1 

.May rest unconformably upon a 
wave-scoured rock platform. 
May overlie continental deposits 
conforiTisbly or unoonformably. 
Typically baaai. 

Similar to marine, but loss well 
rounded and sorted. 

Sands and s a n d- 
stones. Associated 
limestones apt to be 
of chemical origin. 

May rest unconformably upon an 
old rock surface or conformably 
above continental deposits of 
other kinds. 

Of all sises, up to several tons 
in weight. Bubangular to 
rounded. Some angular. 

• 

Sands and e a n d- 
stones, usually cross- 
bedded. Mudstones 
may be intimately 
associated, in thin 
beds. 

Usually lie upon an eroded rock 
floor. If upon finer sediments 
in the same formation, local un- 
conformity generally separates 
the two. 

1 ■ ■ 1 II « 

Typicallsr aubangular. Large 
etriated bowlders may be 
found, these having been toe- 
rafted or having dropped in 
from adjacent ioe waUs. 

Sand or sandstone. 
May be till. 

I May rest upon till, wash, or bed- 
rock. Local or regtonal uncon- 
formity may separate theee de- 
pottte from the underlying ma- 
tgriala. If bedrock underUcc, 
U is apt to baar inarka of glaeial 
abrasion. 
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FIELD QEOIAJUY 


PSKPIIITES (ORAVELS, COHOI^H- 



Kiicn of df^ponitiofi 

1 titruoturc 

Matrix 

Cvlacial 

1 

In ihfi area oriRinally 
cov»?red by th« itn*, 
or HH iimi'Kinal do- 
pneifts. Till belongn 
hlTC. 

Till and tillitc have no true 
bedding. They may con- 
tain isolated nests and 
staall beds of sand, which 
are often contorted. 
They cuiisist of an un- 
strati fled mass of miscel- 
laneous unsorted rook 
material. 

If arenaceous, sand 
grains angulan. 
Fresh feldspar and 
other decomposable 
minerals may bo 
present. If fine, con- 
sists of rock flour 
wliich may contain 
scattered sand grains. 

Bolian 

Chirfly in d<*H<*rts. ; 
Here belong lag 
grit vein. They are 

UMually in thin ac- 
cumiiluiiunH. 

No definite strueture ii 
found in lag gravels be- 
cause they are merely 
residual in the sense that 
they have been left be- 
hind by the wind. ^ 

Probably of typieal 
wind-worn sand 
(fl.®.). 

Volcanic 

On or near voioanio 
ventd. 

Bf$dding may ho lacking or 
there may be a rude 
stratification due to slid- 
ing of the materials. 

Volcanic sand and 
dust (9.0.). 

Gravity 

Taliid at bane of olifTs 
or on hili 

sloped. Hock gla- 
ciers ill valleys in 
cool cli mates. Vari- 
ous places where 
mass rnovemeuts 

inoy oecur. 

1 Bedding is absent. Talus 

1 and similar gravity ac- 
1 cumulations are hetero- 
geneous and unsorted, al- 
; though there is a tend- 
ency for the heavier frag- 
ments to roll farthest. 

Grains commonly an- 
gular, ranging in tex- 
ture to the fineness 
of powder. 

Residual 

In regions of disinte- 
graUon. May be the 
result of differential 
weathcfing of a con- 
idomerate or similar 
rook or the result of 
spheroidal weather- 
ing. 

No true bedding is devel- 
oped in these inaterialR. 
for there is no process of 
meehanical sorting to 
which they are subiected. 

May consist of disin- 
tegration sand or 
eolian sand (ft.iK). 
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BKATBSf BRBCCIASy BTC.)-^Continue*l 


Larger frasineut:! 

Associated 

materials 

Relations to subjaewnt 
materials 

Angular or BubanjEular, aithanubhod | May h(‘ aNH04‘iai(>d 
cnda and Rtrintpd fareta. Of all ^iih a<iu«‘ugla«ial 
aiaes. Proportion of pcbblofl to j maicrialH. 
matrix varies. Pebbles may bear | 
concave fracture scars. If not lithi- | 
fied when handled by the ice, frag- ! 
menu may be very angular and | 
may be distorted. , 

i 

1 

1 If basement was not lithified, 
the underlying iiialerittls *are 
apt to be disrupted and con- 
torted. Htris are wanting. If 
basement W'as rousolidated 
rock, it may bear siriw or 
grooves of glacial origin. 
iSometimes it is fractured and 
the upper paru may be thrust 
over the lower. 

Faceted einkantcr, dreikanter. etc. 
Subangular, and with polished and 
often pitted faces. 

Probably eohan 
Hands. 

1 The baNement rock may show 
' evidences of wind abrasion. 

Angular, sharp-edged. Broken blocks 
of all aiies. Often consist of voh^anie 
rocks, but maj be fragments of 
country rork through which lava was 
ejected. Volcanic bombs may be 
associated. 

Volcanic aush, mud j 
flow, or lava. 

No iiecnwary relation. 

Angular or aubangiilar. Fragments 
may have had edges dulled by slid- 
ing or by weathering while exposed. 
Surfaces may be somewhat 
scratched. 

No s|H‘cial aMHr>cia- | 
lion. 

1 In case of landslides, baseinent 
rwk may be scratched. Nu 
important relation for Ulus. 
Basement beneath rock gla- 
ciers may be striated and 
grooved by the movement of 
the materials. 

If due to spheroidal weathering, well- 
rounded and with rough surfaces. 
If due to differentia] weathering, 
characters depend upon original 
source. (May be pebbles or frag- 
menU from any kind of a conglom- 
erate, or they may be concretions.) 

"I 

Associated with the i 
parent rock. 

Bowlders of weathering grade 
dow'n into the unaffected rock. 
Residual deposits due to differ- 
ential weathering lie upon the 
rougikened surface of the par- 
ent rock. 
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PSAMMITSS (SANDS 


1 

HitAH of <lopfMilion 

Structure 

Marine end 
Littoral 

1 

•Sea flandH are Hituatini child- 
ly ill the littoral belt. Thow' 
which are conataotly aub- 
merRcd arc unually hue and 
local. 

Bearh sands (not including dunosl have a 
gentle M^awurd dip. Their bedding may be 
fairly regular, but cross-bedding is not un- 
common, especially in bars and reefs. Iso- 
lated bowlders and "pockets" or ''nests’* 
may be found. 

Lacuatrine 

Lake Bands belong to the 
shore aoiie surroundinjc 
lakes. They may oxUmd a 
few rods under water. 

Similar to marine sands and sandstones. 

Fluviatile 

(Chiefly in relatively snialt 
deltiifl. along river coursoH, 
and in the lower parts of 
alluvial cones. 

Bedding is highly irregular. Numerous gravel 
or conglomerate lenses. Cross-bedding and 
local unconformity common. Cross-bedding 
often due to migration of bars downstream. 
Length of gravel or conglomerate lenses 
parallel to course of current. 

Aqueoclfltcial 

In valley trains, out wash j 
plains, and some eskers 
and kanies. 

Typically cross-bedded. Great irregularity of 
stratification seen particularly in kames and 
outwash plains. Frequent local uncon- 

formities and current ripple marks. Individ- 
ual b{;da vary in thickness. Gravel is often 
iiiterbeddud. Isolated bowlders and gravel 
pockets may be found. 

*. 

Bolian 

Deserts and beachen. 

Typically oross-bedded. Curvature of croos- 
lamtna often flatter than in water-made 
cross-bedding. May ooutAin clay galls. 

Volcanic 

Near volcanoes. (Includes 
ash and small lapilli.) 

Bedding may be absent or it may be well 
ilcveloped. If the ash was wind-laid, eolian 
features may be seen. If it settled in water, 
lacustrine structure may be seen. 

Nealdual 

Chiefly in dry, hot or cold 
climates. Locally, in temp- 
erate humid climates. 

Bedding is absent. The mtfierials may con- 
tain structures inherited from the parent 
rock. 
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AHO SANDSTONES) 

Surfuco iiiHrkiuics of tlio ijopoait 

1 (icncral rhurnrters 

1 

1 

Hippie marks and wave marks typioal. Hill 
marks, footprints, and current murks may 
be found. 

Well-sorted. Sands are cleaner than lake acid 
river sands. 

Wave marks and rill marks ran*. Hippie 
marks, current marks, footprints, etc., may 
be preserved. 

Grains less roundml than in marine sands. 
Less clean. 

Current marks common, but wave ripple 
marks and other beach features are lacking 

Grains rounded to subangulnr. 

No characteristic features. Current marks 
and ripple marks may bo present. 

i 

1 

t 

Rill marks may be found on the lee sides of 
isolated pebbles. 

Grains well-rounded and with a dull polish. 
There may be some scattered sharp-edged 
particles. Mica plates may he at various 

1 angles. 

• ' 
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FIELD GEOLOGY 


PEUTBS (MUDS, CUYS, MDDSTOKES, 



8ttOH of depOHiti(»n 

Btructiire 

Marine and 
Littoral 

Con tin on ta) «helvn»«, ph- 
pecially in front, of river 
inouthH (eBtuarine). Koine- 
timcM littoral. 

Typically with uniform bedding. May be 
tliialy banded; or if conditions of acciimula> 
tioii were very uniform, bedding may be 
Hliseiit. CroMH'bedding and local uncon- 
formity rare; if present, made by submarine 
currents. Isolated, ice-iafted bowlders pos- 
Hihle, but not characteristic. 

Lacustrine 

Lake flooris. May be expoH4‘d 
on lake ahoreH. Playa de- 
poflite may be listed here. 

Thin, uniform lamination cominon. Kvi- 
dcncPH of current action rare. Local de- 
formation by slight, settling may oociir. 
Isolated, ice-rafted bowlders possible, but, 
not. characteristic. 

Fluviatile 

Chiefly flood plainH and 
delta flood plaiim. 

Ounsideruble variation. Thin sand layers 
often interbeddecl. Local unconformity fre- 
nuent. Cross-bedding typical, but better 
developed in sands. Beds not necessarily 
uniform in thickness. 

Aqueoglacial 

Principally eontiiicntal. In 
glaciated areas. Sotnetitnea 
many miles beyond extreme 
limit of loe advance. 

Like lake muds and clays, since deposited in 
standing water. Isolated, ice-r»ifted pebbles 
and bowlders, sometimes striated, are not 
iiiicoiiunon. Local deformation by the 
grounding of floating blocks of icc may be 
observed. 

Eolian 

(iennrally far from reginn.s 
where wiiul work prctloini- 
iiate.i. Dual aeciimulates in 
distant (piiet regions. 

Heddlnu often faint or absent. Deposits of 
loess eharacteristically homogeneous. Small 
deposits in the lee of obstruetions may show 
good bedding. Cross-bedding rare. ' 

Volcanic 

Usually n*»Hr volcancH's, but 
strong winds may blow fine 
ash far and drop it on land 
or in water. 

Similar to eolian deposits. Particles merely 
settle down. Cross-bedding rare. 

Orafity 

Wide distribution in moist 
climates, on or nsHociated 
with slopes. 

No bedding. Either structureless or with 
faint tendency toward iiTegular layering 
caused by successive mud flows. 

Residual 

Regions with a moist climate 
and with poor drainage 
fHoilities. 

No bedding. Deposit merely accumulates as 
a residuum, the soluble constituents being 
gradually leached out. ^ 
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ARGILLITES, SHALES, SLATES, ETC.) 


Original flurfari; ffaiiire^H I (irnoriil rhuracterH 


Nono of importance. Current Uttually coiiaiat of kaolin and 
inarka and even true wave ripple fine qiiarta fp-aiuH ioRPther 
marks iiiav he made at dcptliH up with organic matter, (^om- 
to 100 fathoms, but these are un- mon colors are giuys, blues, 
comiiiun. Ripple marks may he ami greenish Rrnys. Fossils 
well preserved in iittocal muds. marine. 

Haiti prints, sun cracks, etc., sel- 
dom pnwerved in littoral muds 
and not found in marine muds. 

Surface markings, such a.s Him Usually decumpOHition prfxl' 
eracks, stand a better chance of ucta of land waste, as tiia- 
prPNervution than in marine rine muds. KossiIm of frcKh 
muds, because exposure of the or hruckish-water orgun- 
muds may he scaHonal. iHiiiH; occasionally teries- 

trial anirnalH and plants 
included. 


Coiiiinonly aHHociateil 
beds 



Fine sandstones or liine- 
storiea. Where hnyH 
were shut olT from the 
sea and rainfall wa.H 
HCiuit, salt, gypKUin, sa- 
line muds, and other 
products of arid eon- 
di lions may overlie the 
original murine muds. 

Coarser clasli<»« overlie. 
If climate was arid, salt, 
gypsum, etc., may he 
interbedded. If elimate 
WHS W'ann and moist, 
coal and hog iron ore 
may he ussociated. 


Current marks, rain prints, sun Colors: blue, gray, green. Coal or p<«t beds may 
craeks .'haracterLstic especially of Ued. ina'-oon, and varie- alternate with sun- 

fiood-pl.aiu deposits in arid and gated in dry cliinates, hut craeked mud beds, in 

somiurid cliinates. Hheetflood other types of mud deposit dry cliinates saline dc- 

deposition may he listed here. may have these colors. posits may be asso- 

ciated. 

Since the water body is generally Largely rock flour, i e., pul- I’ossibly coarser aqiieo 
temporary and Hcdiinentation is veriaed rock. Hence a gluriaj stream or laki 

rapid, thire is little opportunity greater proportion of sol- deposits; till; or soi 

for the develop ineiit and preser- uble salts than in lake and beds, 

vation of surface markings. marine muds anil clays. 

Foasils rare on account of 
coolness of water. 

None characteristic. Soluble constituents abund- 

ant. Unusual amounts of 
lime. Fossils terrestrial. 


None charaeteristic. 



ing to the site of deposition. 

Characteristically irregular, with Great variety under different 
suggestions of slow flow down conditions. Here belong 
slope. mud-flow and soil-creep ma- 

terials. 

None characteristic. The substance of w'hich the 

deposit is composed would 
be found thinly diiwieini- 
nated through the under- 
lying parent rock. Plant 
remains may be found. 
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LAND SURVEY DIVISIONS. UNITED STATES 


In some of the younger states, including Montana, Wyoming, Kansas, 
Oklahoma, and others, a system of land division has been adopted, based 
on measurements from a chosen principal meridian and a chosen standard 
parallel of latitude called a “base line.” The country is laid off in quad- 
rangles, essentially six miles square, known as townships. Each township is 
subdivided into 36 sections. The sides of sections are termed section lines. 
Townships are numherc»d Ixiginning at the intersection of the base line and 
the principal meridian, and going east, west, north, and south. It is 
customary to designate these divisions ranges east and west, and townships 
north and south. Thus, in Fig. 590, the township marked 4, consisting of 



Fia. 590. — M«t))Od of deaifcnating townahiiw and ranges. 


36 sections, is dcscrilx‘d iis “township 2 north, range 4 wY-st, ” or “T. 2 
N., R. 4 W.” 

Sections are numbered as shown in I'ig. 591. Parts of sections are 
described as in Fig. 592. Since a section (square mile) consists normally of 


640 6creB, a quarter section contains 160 aci^s, of a quarter section 
QA -i^res, etc. 
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(>n account of the northward convergence of meridians, townships are 
not always exactly six miles across, nor are sections alwa^’S just one mile 
wide. To compensate for this convergence, there is often a slight offset 
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Fiti. Methods of deeignatiiis parts of a section. 

of section and township lines in adjoining townships where they meet along 
the jrange lin&. In the surveying of sectionised land all excesses and defi- 
ciencies due to convergence of meridians are placed, as far as possible, in 
the northern and western quarter-sections of the township. 
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MEASUREMENT AND WEIGHT 

linear Meaaurcmoni: — 

1 inch 2..54 con time tors (cm.). 

I foot * 12 incItOH — 30.48 ocntimet^ers. 

1 yard = 3 foot = 91.44 centimeters = 0.9144 meters. 

1 rod * 16 *i 2 f<wt = 5>2 yards. 

1 mile » 5,280 foot = 1.6 kilometers. 

1 Tiiilliiriel^r = 0.001 meter = 0.03937 inch. 

1 centimeter = 10 millimeters = 0.394 inch. 

1 meter = 100 centimeters = 3.2809 feet = 39.37 inches. 

1 kilometer = 1,000 meters = 0.6214 miles 
1 fathom = 6 feet (for depths). 

1 link = 0.66 foot = 7.92 inches. 

1 chain = 66 feet. 

f in California = 33 inches, 

1 vara | in Te.\as — 33^3 inches. 

( in Mexico = 32.9931 inches. 

Areal Measurement: — 

1 square inch = 6.452 square centimeters. 

1 square foot = 144 s^iuare inches = 929.0 square centimeters. 

1 square yard = 9 square feet = 0.8360 sciuare meters. 

1 square rod = 30.25 square yards = ^leo acre. 

1 acre = 43,560 square ft»et * 4,840 square yards = 10 square chains 
(An acre is appi'oximately equi\^alent to a square 209 feet on a side). 
1 acre = 0.4046 hectares, 

1 acre = 5,646.5 square varas (Texas value). 

1 square centimeter = 0.155 square inch. 

1 -square meter = 1.1960 square yards. 

1 hectare = 10,000 square meters = 2.47 acres. 

1 square kilometer = 247.104 acres « 0.3861 square mile. 

1 square vara (Texas value) » 7.71 square feet. 

1 square mile » 2.5899 square kilometers. 

Volumetric Measurement (solid and liquid):- ' 

1 cubic inch 16.387 cubic centimeters. 

1 cubic yard » 27 cubic feet 0.7646 cubic meter = 201 .96 gallons 
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1 cubic meter = 1,000,000 cubic cenfiinctens - Jtrv.’UO cubic OhM. = 
1.308 fuibic yartis. 

1 litre (of water weif^lun^ 1 kilogram) ~ 1 .0.W7 fiuarta. 

1 quart = 0.940:1 litre. 

1 gallon = 8 pints = 4 quart‘s = 3.7852 litres = 231 cubic inches 
1 barrel (of crude petnileum) = 42 gallons. 

Weight: — 

1 pound = 10 ounces -■ 0.45359 kilogram, 

1 kilogram = 1,(K)0 grams = 2.2040 fmundu. 

1 metric ton - 1,000 kilogra]n.s = 2204.6 pounds. 

1 cubic ffK)t of distilled water at 39®F. weighs 02.425 pounds. 

1 cubic foot of distilled W'ater at 60®F. weighs 02.30 pounds. 



APPKNIMX I\ 

SOLUTION OF TRIANGLES 


Right Triangle (Fig. 593) : 



Fia. 693. 




AVVKSinX X 

NATURAL CIRCULAR FUNCTIONS^ 



Sino 

TanR. 

Cosino 

( 'otarig. 

— 

O 

0 

0.0000 

0.0000 

1 .(KKKJ 

Infin. . 

90 

1 

0 0175 

0 0175 1 

0.9999 

57 2000 

80 

2 

0.0319 

0.0349 < 

0 9004 

28.6303 

88 

3 

0.0523 ; 

0.0524 

0.9986 

19.0811 

87 

4 

(» 0C08 

0.0600 

0 9976 

14.3007 

86 

5 

0.0872 

0.0875 

0.9962 

U.4;«)l 

85 

6 

0.1045 

0.10.51 

0.9045 

9.5M4 

84 

7 

0.1219 

0.1228 i 

0.9926 

8. 1144 

83 

8 

0.1302 

0.1405 

0.9003 

7.1154 

82 

0 

0. 1561 

0.1.584 

0.9877 

6.3138 

HI 

10 

0 1737 

0.1763 

0.9848 

5 6713 

80 

11 

0.1008 

0.1044 

0.9816 

5.1416 

79 

12 

0 2070 

0.2126 

0.9782 

4 . 7046 

78 

13 

0 2250 

0.2.309 

0 9744 

4.3315 

77 

14 

0.2419 

0 2493 

0.9703 

4.0108 

76 

15 

0.2588 

0 2680 

0.9659 

3.7321 

75 

16 

0.2756 

0.2868 

0.0613 

3 . 48^4 

74 

17 

0.2024 

0.30.57 

0.0563 

3.2709 

73 

18 

0.3000 

0 3240 

0 0511 

3 0777 

72 

19 

0.3256 

0.3443 \ 

0.9455 

2.9012 

71 

20 

0.3420 

0.3640 1 

0.0307 

2 7475 

70 

21 

0.3584 

0.3830 ' 

0.9336 

2 m)5] 

60 

22 

0.3746 

0.4040 

0.0272 

2.4751 

68 

23 

0.3007 

0.4245 ; 

0.9205 

2 3550 ! 

67 

24 

0.4067 i 

0.4452 ; 

0,9136 

2.24<M> 

66 

25 

0.4226 

0,4663 1 

1 0.9063 

2.1445 1 

65 

26 

0.4384 

0.4877 

I 0.8988 j 

i 2.0503 1 

64 

27 

0.4540 

0.5005 I 

i 0.8010 

1.0626 1 

! 63 

28 

0.4605 

0,5317 

; o.88:io 1 

1 1 . 8807 1 

1 62 

29 , 

0.4848 

0,5543 

0.8746 

1.8041 

61 

30 

0.5000 

0 5774 

0.8660 

1 . 7321 1 

1 60 

31 

0.5150 

0.6009 

0.8572 

1 . 6643 i 

1 59 

32 

0.5300 

0.6249 •; 

; 0.8480 

1.6003 

i 58 

33 

0.5446 

0.6494 

0.8387 

1 . 5399 

I 

34 

0.5502 

0.6745 

1 0.8200 

1 . 4820 

i 56 

35 

0.5730 » 

0.7002 

0.8102 

1.4282 

55 

36 1 

0.5878 

0.7265 

0.8000 

1 .3764 

54 

37 

0.6018 

0.7536 

0.7980 1 

1 1.3270 1 

53 

38 

0.6157 

0.7813 

0.7880 

1.2799 j 

52 

39 

0.6203 

0.8008 

0.7772 

1 1.2349 1 

51 

40 

• o.i»428 ; 

0.8391 

0.7660 j 

; 1.1918 ' 

50 

41 

0.6560 1 

1 0.8603 

0.7547 ! 

1 1.1504 j 

49 

42 

0.6601 

0.9004 

1 0.7431 

1.1100 ; 

48 

43 

0.6820 1 

0.9325 1 

0.7314 

1.0724 i 

47 

44 

0.6047 

0.0657 i 

0.7193 

1.0355 ; 

46 

45 

0.7071 1 

I.OOOO* 

0.7071 

1.0000 1 

45 

O 

CoMne 1 

Cotang. 

Sinet ; 

Tang. ; 

• 


^ Thifl table has been copied from Dr. C. W. Hayes’ ** Handlxmk of Field 
Geology,” 1909. p. 42. 
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APPENDIX XII 


EQUIVALENT DIPS EXPRESSED IN ANGLES AND IN FEET 
PER MILE 


Dcgrws 

Miii- 

lltCH 

I'V'ot 
pcT inilp 

Miii- 

Ut<*8 

l-'fwt 
jMT niilp 

1 

i Min- 

Wti-M 

1 I'Vfl 

1 

, pKor mill* 

1 

0 

0, 

1 . 54 

0 42 

04.51 

I 

16 

162.8 


1 02 

3 07 

f3 

66 (J4 

48 

165 9 


03 

4.01 

41 

67 . 57 

50 

16ft 0 


04 

0. 14 

45 

6ft 11 

52 

172.0 


05 

7 . 08 

41; 

70 . (M 

: 54 

175.1 


00 

0.22 

47 

72 18 

50 

178 2 


07 

10.75 

t 48 

73.72 

58 

181 3 


OH 

12.20 

4ft 

75.20 

^ 2 

, 00 

184.4 


Oft 

13.82 

, .-if) 

76.80 

1 10 

190,8 


10 

15.30 

t 

78.33 

! lo-f- 

200 0 


n 

10 ftO 

, 52 

79.87 

1 20 

215.1 


12 

18.43 

53 

81 10 

! 30 

230.5 


J3 

111. 00 

51 

82 04 

40 

245.9 


14 

21 50 

1 , 55 

S4 47 

< 43 

250.0 


15 

23. (M 

, 56 

86 01 

50 

261.3 


10 

24.58 

57 

87 . 54 

3 

00 

276.7 


17 

26.11 

58 

89.08 

10 

292 1 


18 

27 , 

5ft 

IH). 62 

15 

300 0 


19 

2ft 17 

1 IM) 

92.16 

20 

307.5 


20 

i 30 72 

02 

95 23 

30 

322.9 


21 

32 20 

i' 04 

i 98 30 

40 

338. 4 

•m 

22 

33 80 

05 

; lOU.OO 

47 -r- 

i 350.0 


23 

35.33 

06 

101.4 

50 

353.8 


24 

36.86 

1 08 

i 104.5 

4 

00 

1 369.2 


25 

38.40 

10 

107.5 

10 

! 384.6 


26 

1 30.94 

ii .. : u 

no 6 

20 

400. 1 


27 

1 41-47 

113.6 < 

30 

: 415,5 


28 

1 43 0! 

'1 ' i« 

j 116 7 

40 

i 431.0 


20 1 

i 44,54 ' 

'! . 1 18 

; 119 8 

.>>0 

446 5 


30 

46.08 

20 

! 122 ft 

: 52 

450.0 


31 , 

47.62 ! 

'! 22 1 

1 126.0 


(H) 

461 9 


32 

49. 16 ! 

‘ , 24 

1 W9.1 i 

, ; 10 

477.4 

• 

33 

50.69 j 

j . <26 

132.1 

‘ : 20 

492.0 


34 

52.23 1 

1 . . ; 28 

135 2 

.. ; 25 

500.0 


35 

53.76 ' 

' 30 

188.3 : 

' 30 

508.4 


36 

55.30 ! 

32 

141.3 


40 

523 9 


37 

36.83 

! 34 

144.4 : 

, , 

50 

580.4 

• • • 

38 

38.37 

.. • ! 36 

147.4 1 


37 

550.0 


39 

39.00 

1 38 

150.5 j 

6 

00 

555.0 


40 

61.44 

j 40 

153.6 n 




41 

62.07 

. . . 1 42 

156.6 :l 

f '• 



. 1 


41 

150.7 

.. . 




APPKNDiX XIII 


CORRECTION TOR DIP IN DIRECTIONS NOT PERPENDICULAR TO 

STRIKE^ 


hclwi'pn Ntriko iiiui dirortiou of aectiun 
Anglo of 


full dip 

HO® 

75" 

70® 

05° 

00® 

55® 

50® 

45® 

10** 

9® 51' 

9® 

40' 

0® 

24' 

9® 

5' 

8® 

41' 

8® 

13' 

7® 

41' 

7® 

6' 

15® 

14® 47' 

14® 

31' 

14® 

8' 

13® 30' 

13® 

34' 

12® 

28' 

11® 

36' 

10® 

4' 

20® 

19® 43' 

19® 

23' 

18® 

53' 

18® 

16' 

17® 

30' 

16° 

36' 

15® 

35' 

14® 

25' 

25® 

24® 48' 

24® 

15' 

23® 

39' 

22® 65' 

22® 

0' 

20® 

64' 

19® 

39' 

18® 

15' 

30® 

29® 37' 

20® 

9' 

28® 

29' 

27® 37' 

20® 

34' 

25® 

18' 

23® 

61' 

22® 

12' 

36® 

34® 36' 

34® 

4' 

33® 

21' 

32® 24' 

31® 

13' 

29® 

60' 

28® 

12' 

26® 

20' 

40® 

39® 34' 

30® 

2' 

38® 

15' 

37® 

15' 

30® 

0' 

34° 

30' 

32® 

44' 

30® 41' 

45® 

44® 34' 

44® 

1' 

43® 

13' 

42® 

11' 

40® 

54' 

30® 

19' 

37® 

27' 

36® 

16' 

60® 

49® 34' 

49® 

V 

48® 

14' 

47® 

12' 

45® 

64' 

44° 

17' 

42® 23' 

40® 

7' 

55® 

64® 36' 

64® 

4' 

53® 

19' 

52® 

18' 

51® 

3' 

49® 

29' 

47® 

35' 

46® 

17' 

60® 

59® 37' 

69® 

8' 

58® 

26' 

57® 

30' 

50® 

19' 

54® 

49' 

53® 

0' 

60® 46' 

65® 

64® 40' 

C4® 

14' 

03® 

36' 

02® 

46' 

01® 

42' 

60® 

21' 

58® 40' 

56® 

36' 

70® 

69® 43' 

69® 

21' 

08® 

49' 

08® 

7' 

07® 

12' 

1 00® 

8' 

04® 

35' 

62® 

46' 

76® 

74® 47' 

74® 

30' 

74® 

5' 

73® 

32' 

72® 48' 

71® 

53' 

70® 

43' 

69® 

14' 

80® 

79® 51' 

70® 

30' 

70® 

22' 

78® 

59' 

78® 

29' 

77® 

51' 

77® 

2' 

76® 

0' 

85® 

84® 50' 

84® 

50' 

81® 

41' 

84® 

20' 

84® 

14' 

83® 

54' 

83® 

29' 

82® 

57' 

89® 

88® 50' 

88® 

58' ' 

88® 

50' 

88® 

54' 

88® 

51' 

88® 

47' 

88® 

42' 

88® 

35' 














APPENDIX XIV 


PROTRACTOR FOR CORRECTION OF DIP 

Profossor W. S. Tanj^ior Hniitti lias a protractor* which can he 

used in place of the forcfsoiiig table (Appendix XIII) In this protractor, 
deforces of true dip are represented by the* vertical li»us (Kij?. 595), nuirke^l 
alonR the chord connecting? the two ends of the arc; decrees of apparent dip 
are rc^presoiited on tiu; iirc; and tlie angle betwetni the strike of the inclined 
bed or surface ami the direction in which tlie dip component is iiieamired 
is shown by the eonverging lines marked on tin* right of the iliagram. 

To illustrate the use of this ])rf)tract-or, assume that a layer is dipping 
iiO” from the liorizontal and that v^e want to find its inclination measured 
in a direction 00” from its strike. Find the point of intcrs4»<‘tion of the 
inclined line marked 00” at tin* right of the diagnun and tins vertical line 
marked 30® for true dip. Through this intersection jioint and the vertex 
of the protraetor (center of the arc at lower right corner) lay a straight-edge, 
which, will then intersect the arc at approximately 20®35', wisieh is the dip 
component or apparent dtp required. 

To find the true dip, rc^verse this procedure. Place the straight-edge on 
the center of the arc and on the angle for apparent tlip as shown on the arc. 
Assume that this apparent dip i.s 15® ami that the angle of inclination is in a 
direction at 25° to the strike. Note on which vertical line the straight-edge 
cuts the diagonal for 25°. Here it is approximately on tlie 32° vertical, thus 
indicating a tnie dip of about 32°. 

Compare these figures with the valuta in the foregoing table. 

* Copyrighted by Professor Smith. See Bibliog., Smith, W. S. Tanoieh, 
1925. 




I lu nil Chart t (tp\riKht< d in 1025 bv W Tangiir ^mith, who kindly permitted ite 
r« prndiK tioii ht r< (I <»r uo« of (hart Bit t< \t ) 


Direction Angles 




AIMMINDIX W 


GRAPHIC DETERMINATION OF DIP COMPONENTS WHEN DIPS 
ARE MEASURED IN FEET PER MILE* 

The accompanying graph mav he used to find thfi inclinaliun of a stratum, 
or of any relatively fiat surface or layer, in dir(*c*tions not i>erpendicular 
strike, when dips are low and arc nscorded in feet per wile, fcJuppose that 



Fio. sad.— Curves for the snphio d^terminstion of dips end dip oomponents when dips 
mesBured in feet per mile. (Angles rcoordccl at base of figures are in degrees,) 

* Prepared by R H. Lahee and printed in Emn^mU Getj^ogy, Vol XIV, 
pp. 262-288, 1919. 
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FIELD GEOLOGY 


tlic Rirata clip 50 ft. per mi!o clue north aiul that we want to find their inclina- 
tion in the direction N.30''E. The latter inclination may be referred to as 
the dip component in this direction. The horizontal angle between the 
true dip and the dip coinponc^nl is here 30®. Find the point on Fig. 596 
where the vertical line labeled “30” (bottom of Fig.) intersects the horizontal 
line marked “50” (left of I'ig.). This point is between two curves which, 
if followed up to the left margin of the figure, will be seen to be marked 
“40” and “50,” respectively. Since the point in question lies alx>ut 
one third way from the 40-ft. to the 50-ft. curve, the required dip com- 
()onerit is found to be between 43 and 44 ft. per mile in the direction N.30°E. 

In like manner, the true dip may l>e obtained from akno\im dip component 
thus: Let the strike of the beds Iks N.10®W. and suppose that two well logs 
show that those lieds are inclined 30 ft. per mile in a direction N.40®E. 
'Flic true dip is in the direction N.80®E. The angle between the direction 
of the true dip and the direction of the dip component is 40®. On the 
.diagram find the |)oint where the vertical line marked “40” intersects the 
curve marked “30.” This is approximately on the horizontal line 
marked “40,” indicating that the required true dip is rbout 40 ft. per 
mile. 

Observe that, in all cases, the horizontal lines are for true dips and the 
curves are for dip couiiMments. 



APPENDIX XVI 


DIP, DEPTH, AND THICKNESS OF INCLINED STRATA 


This table may be used for determining the thickness of inclined strata 
or the depth of a point in an inclined stratum provided the dip and the 
breadth of outcrop on a horisontal surface arc known. Divide the breadth 
of outcrop by 100 and multiply the rcniiult by the constant f(»r thickness (or 
depth) for the given dip. 


Dip 

XhicknesH 

Depth 

l>ip 

1 

Thickii«“SH 

1 

D«pth 


'f'hiokiiPMN 

Dt^pth 

1® 

1.73 

1.75 


51.50 

60 09 1 

1 61® 

87.40 

180.40 

2* 

3.49 

3.49 

K9 

62.09 

62 19 

! 02® 

88.29 

188.07 

3® 

6.23 

6.24 

33® 

54.46 

64.94 

1 03® 

89 10 

196.26 

4® 

6.98 

6.90 

34® 

55.92 

67.45 

, 64® 

89.88 

206.03 

6® 

8.72 

8.75 

35® 

57,36 

70.02 i 

65® 

00.63 

214.45 

6® 

10.45 

10.51 

36® 

68.78 

72.65 1 

66® 

91 35 

224.60 

7® 

12.19 

12.28 

37® 

60.18 

75.36 

; 670 

02 06 

236.69 

8® 

13.92 

14.05 

38® 

61.57 

78.13 

1 08® 

92.72 

247.61 

9® 

16.04 

15.84 

39® 

02.93 

80.98 

1 69® 

03.36 

260.61 

10® 

17.36 

17.63 

40® 

04.28 

83.91 

I 700 

03.97 

274.75 

U" 

19.08 

19.44 

41® 

66.61 

86.93 

1 71® 

04.56 

290.42 

12® 

20.79 

21.20 

1 42® 

06.91 

90.04 

1 72® 

96.11 

307.77 

13® 

22.60 

23.09 

1 43® 

68.20 

03.25 

73« 

96.63 

327.00 

14® 

24.19 

24.93 

44® 

69.47 

96.57 

74® 

96.13 

348.74 

16® 

25.88 

26.79 

45® 

70.71 

100.00 

75® 

96.59 

373.21 

16® 

27.56 

28.67 

46® 

71.93 

103.55 

76® 

97.03 

401.08 

17® 

29.24 

30.57 

47® 

73.14 

107.24 

i 77® 

97.44 

433.15 

18® 

30.90 

32.49 

48® 

74.31 

111.06 

78® 

07.81 

470.46 

19® 

32.56 

34.43 

49* 

76.47 

115.04 

, 79® 

98.16 

514.46 

20® 

34.20 

36.40 

60® 

76.60 

119.18 i 

1 80® 

08.48 

567.13 

21® 

36.84 

38.39 

61® 

77.71 

123.49 

81® 

98.77 

631.38 

22® • 

87* 46 

40.40 

62® 

78.80 

127.99 

82® 

99.03 

711.54 

23® 

89.07 

42.46 

63® 

79.86 

132.70 

83® 

99.25 

814.43 

24® 

40.67 

1 44.52 

64® 

80.90 

137.64 

84® 

09.46 

951.44 

26® 

42.26 

! 46.63 

65® 

81.92 

142.81 

86® 

99.62 

1143.01 

26® 

43.84 

48.77 

66® 

82.00 

148.26 

86® 

90.76 

1430.07 

27® • 

46.40 

60.06 

67®* 

83.87 

153.99 

87® 

99.86 

1908.11 

28® 

46.95 

63.17 

68® 

84.80 

160.03 

88® 

99.94 

2863.63 

29® 

48.48 

55.43 

69" 

86.72 

166.43 

89® 

99.98 

5729.00 

80® 

50.00 

57.74 

60® 

86.60 

1 

173.31 



, 
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APPENDIX XVII 


W. S. TANGIER SMITH’S CHART 

'‘This churl’ (Fik* ^^^7) is inlondcd j)rimjirily for tlio solution i)f problems 
which may be expressed in tlie form 

a _ h _ c 
sin A ~ sin li sin C 

“The solution of problems (except the first, below) is accomplished by 
means of a rotating arm centered at the U)wer right-hand corner of the 
figure; or by a fine line drawn on a celluloid strip, or by any convenient form 
of straight-edge*. In solving problems, the line or‘ straight-edgt ^ — -index 
line—m always set so as to pass through the lower right-hand corner of the 
chart. This is assumed in most, of tin* solutions given below . 

*'l. The numerical values of tangents of angles not greater than 45® or 
the cotangents of the eomplemeiits of these angles, and conversely, the angles 
corresponding to the tangent-cotangent values, arc* givcm by the intersections 
of the curved line of the chart with its horizontal and vertical lines. 

*‘2, If the index line is set so as to pass through the upper left and lower 
right corners of the chart., its intersections with the lines of the chart will 
give sine-cosine values of angles; also the angles corresponding to sine-cosine 
values. 

*‘3. Where the true dip does not exceed 10° or where the dip is expressed 
in terms of grade*, the apparent dip, a, the trut* dip, t, or the direction angle, 
fi, may be determine<l by means of tin* cluirt. when the oth(»r two of these 
three factors are known. The determination is made from the relationship 

t ^ ^ , 

sin 90° sin d 

Three of these four terms are known, tw^o of the three giving q known point 
on the chart. By setting the index line to pass tlirough this i)oint.^ the 
intersection of the line with the third knowm value will then give the fourth 
term. 

Example; If the true dip is 50 ft. per irtile and the direction angle is 37*^, 
the apparent dip la read from the chart as 30.1 ft. per mile (Fig. 598). 

^ This chart and the accompanying tlest^iption were prepared by Pro- 
Jfesspr W. S. Tangier Smith, who kindly permitted their publication here. 
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If, in this problem, f = 5® and d = 37® then, a = 3.01® » 3®0.0'. 

(The value calculated from the dip formula is 3®().84'.) The error involved 
in using the numoricjil valuer of dip angles loss than 10® instead of the 
tangent values is small, — not more than a few minutes at the most. 



Fig. rm. — Two-variable chart prepared by W 8. Tangier Smith for aolution of variouf. 
• _ probleina. (See teat.) 


'*4. All cases of right triangles; also^ oblique triangles when (a) one side 
and any two angles, or {b) two sides and the angle opposite one of them, are 
given, 'may be solved by meaii of the chart. The general method of solu- 
tion is indicaleii by Fig. 599. This shows that the three points of inter- 
section of the lines n^presenting the three sides and the lines representing 
their respective opposite angles all lie in a straight line. 
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“ In that case of the riKht trianRle in which the two sidesi a and 6, are given, 
a firing greater than &, the smaller side is first divided by the larger inordcr to 

obtain the tangent of the smaller acute angle of the triangle Q = tan 

Kroni this tangent, the angle li is obtained fmm the chart (Problem 1). 
The rest of the solution is as in Fig. 599. 


SIDES OF TRIANGLE 



OBLIQUE TRIANGLE:2> 

Fig. 509.' -(See text.) 


** Problems of formation depth and thickness involve triangles and, also, 
certain angle relationships like those between true dip, apparent dip 
and direction angle. Any ordinary problem concerning formation depth and 
tluekness may, therefore, be readily worked out by means of this chart 
and the dip protractor.** 





APPKNDIX XVIII 


STADIA TABLES 

These tables arc for use in stadia surveying ( 412 ) whore inclined sights 
are 19° or lcss.‘ For vertical angles of more than a correction should be 
applied, due to the fact that the inclined sight line is longer than its hori- 
zontal (or map) distance by a quantity w*hich becomt's larger with increase 
of the vertical angle ( 409 ) ; Init for angh‘a of 3® or less, this error may be 
disregarded in ordinar>'^ plane table surveying. 

Example 1. — Instrument is sot up at A and rod is at U. Stadia intercept 
at B is 5 ft. as seen from A, Tlierefore, distancti from A to ii is 5 X 100 « 
500 ft. Vertical angle of inclined line of sight from A to B is 2°30'. In the 
table we find that the elevation for a distance of 1(X) ft. would be 4.36 ft. 
At 500 ft., the difference in elevation betweam A and B would he 5 X 4.36 ft. 
- 21.80 ft. 

Example 2. — Instniment is set up at A and iwl is held at B, Observinl 
stadia intercept is 8 ft., wlii<‘h is to be multiplied by UK), th(i nfadia comtarU 
giving a distance value of 8(K) ft. Vertical angle of inclination of sight lino 
is 12°30'. In the table of Horizontal CXirrection for Distances,'’ the 
correction for 12° and 8(K) ft. is 34.6 anti that for 13® and 800 ft. is 40,6. 
For. 12°30', it would be >;(34.6 + 40.5) = 37.5 ft., to be subtracted from 
800 ft. to give the horizontal distance from A U> B. This is 800 — 37.5 « 
762.5 ft. 

The vertical height for 100 ft. and 12°30' is 21.13. This multiplictl by 8 
for the distance 800, is 169.04 ft., which is the difference of elevation between 
A and B. 

For more refined calculations, a still further correction is applied. This is 
a quantity, designated c -+• /, which is essentially constant for most alida^ies, 
and may be taken as 1. It is the distance, c, from the cemter of the instru- 
ment lo thft center of the objective lens plus the distance, /, from the lens 
to the focal point, a few inches in front of the lens. For all inclined sights, 
the horizontal projection of this quantity is the correction to be applied. 
The horizontal values of c + / for different angles are ^ven at the bottom of 
the accompanying tables. * 

Example 3 . — lusirument is set up at A and rod is held at B. Rod inter- 
cept at B is 14, indicating distance AB ^ 1,400 ft. Vertical angle from 

‘For greater angles, consult Audeng>n’a ** Stadia Tables/' or tables in 
handbooks on surveying. Bibliog.» Andbbson, C. G., 1917. 
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A to B is 6®45^ In table for “Horizontal Correcjiions for Distance," the 
correction for 6** and l,fK>0 ft. is 10.9 ft. and for 7° and 1,000 ft. is 14.9 ft. 
Interpolating for 45', the correetioii f<»r 1,000 ft. aii<l 60*^45' is 

10.9 + 4 ” X3^ = 10.9 + 3 = 13.9ft 

Similarly, for 400 ft. aiul 6°45', the correction is 

4.4 + ” 4 X 3 ^ = 4.4 + 1.2 = 6.6 ft. 

TVierefore, for 1,4(M) ft. the liorizoiital corrected value is 
13.0 + 5.0 - 10.5 ft. 

1,400 - (13.0 -h 5.0) = 1,400 - 10.5 - 1,380.5 ft. 

Under (c -+■ f) (‘orrections for 0*^ and 7°, the value is 0.09 which for practical 
purposes may l>e c.alled 1. Adding this ciuantiiy to 1,380.5 ft., we. have, 
for the corrected horizontal projection oi AH (c +/), 

1,380.5 + 1 = 1,381.5 ft. 

In the table for Vertical Heights, we find that an angle of 6® 45' subtends 
a vertical distance of 

11.64 (-” •'^9 - n.04^ ^ + .3 = 11.67 

For 1,400 + (c +/) ft. = 1,401 ft., tlie vertical difference in elevation 
wouhl be 

14.01 X 11.67 - 163.50 ft. 

Under “(c +/) corrections for vertical heights,” the tabic gives 0.11 for 
6“ and 0.13 for 7^. For 6°45', this correction factor would be 

0.11 + (®''9 ~ X 3^ = 0.11 +0.015 = 0.125, 

which is to be added to 163.50 ft., giving 163.625 ft,, the corrected difference 
of elevations between A and B. 
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VKRTICAL HEIGHTS FOR DISTANCE OF 100 


Min 

0* 

1* 

2® 


4® 


! 0. 

r* 

8® 

9 

0 

0 

1 . 74 

3 49 

5.23 

0 (Mi 

8 08jl0.40 

12 10 

13.78 

15. 

‘J 

0.00 

1 80 

3 55 

..->.28 

7.02 

8. 74 i 10 45 

12 15 

1.3 84 

15. 

4 

0.12 

1 80 

3.4)0 

5.31 

7.07 

8.80(10.51 

12 21 

13 89 

15 

(i 

0 17 

1 02 

3.00 

5 40 

7.13 

8. 85; 10 57 

12.20 

13 05 

15. 

S 

0 23 

1 .98 

3 72 

5 40 

7.19 

8.9I!i0.02 

12 .32 

14.01 

15. 

H) 

0.20 

2.04 

3 78 

5 52 

7.25 

K 971 10 08 

12 38 

14 06 

15. 

12 

0 35 

2.09 

3. 84 

r>..57 

7.30 

0.03|l0 74 

12 43 

14 12 

15. 

14 

0 41 

2.15 

3.90 

5. 0-3 

7.30 

9.08110.70 

12 49 

14 17 

15. 

10 

0.47 

2 21 

3 95 

5 09 

7 42 

9.l4jU).85 

12, W 

14.2.3 

1.3. 

IS 

0 52 

2.27 

4 Ot 

5.75 

7.48 

9.20 10,91 

12 00 

14 28 

15 

20 

0.5S 

2.33 

4.07 

5. 80 

7.53 

9 25 

10.90 

12 60 

14 .34 

10 

22 

0 <M 

2 38 

4.13 

5 80 

7.59 

9.31 

11.02 

12 72 

14 4(1 

16. 

24 

0 70 

2.44 

4. is! 5.92 

7.05 

9.37 

11.08 

12 77 

14 45 

10 

2<i 

0 70 

2 .50 

4 24 

5.98 

7.71 

9 . 43 

11.13(12 83 

14 51 

10. 

2S 

0 81 

2 50 

4 30 

0.04 

7.70 

9.48 

11. 19; 12. 88 

14 50 

10. 

30 

0 87 

2 02 

4 30 

0.09 

7.82 

9.54 

11.25 

12 94 

14 02 

JO. 

32 

0.03 

2.07 

4.42 

6.15 

' 7.88 

o.m) 

1 1 . 30 

13 00 

14 67 

16. 

34 

0 oil 

2.73 

4 48 

0.21 

7.94 

9.05 

1 1 . 36 

13 05 

14 73 

10 

30 

1 05 

2.79 

4.53 

0.27 

7.99 

9 71 

11.42 

13 11 

14.79 

16. 

3K 

1.11 

2 85 

4 . 59 

0.33 

8.05 

9 77 

11 47 

13,17 

14 84 

16 

40 

1.10 

2.91 

4.05 

0.38 

8.11 

9.83 

11 5,3 

13 22 

14. 

16. 

42 

1.22 

1 2.97 

4 71 

0.44 

* 8.17 

9 88 

11 59 

1.3,28 

14.95 

16. 

44 

1 28 

! 3.02 

4 70 

6 50 

8.22 

9.94 

11 04 

1.3 33 

15 01 

10. 

40 

1 34 

3.08 

1.82 

0.50 

K 28 

10. (M) 

11.70 

1.3 39 

15 00 

10 

48 

’ 40 

2.11 

4 88 

0.01 

8,34 

10.05 

11 70 

l.i 45 

15 12 

10. 

50 

1 45 

3.20 

4.94 

6.07 

8.40 

10.11 

n Ml 

13 50 

15.17 

10. 

52 

1 51 

3 20 

4 99 

6.73 

8.45 

10, 17 

11. H7 

13 Tits 

1.5.23 

16. 

. 54 

1 . 57 

3 31 

5 05 

6.79 

1 8.51 

10.22|ll .9313.011 

15 28 

10 

60 

1.03 

3.37 

5,11 

6.84 

1 8.57 

10 28 

11.98113.07 15.34 

10, 

58 

1.09 

3 43 

5.17 

6.90 

1 8.03 

10. 34 

12.04!l3.73il5.40 

17 1 

00 

1.74 

3 49 

5 23 

0.90 

8,08 

10 40 

12. 10)13. 78115 45 

17. 

(r -}” f) oorrertions for vit- 


1 









tical hoighlB 

0 01 

0.03 

0 04 

0,06 

0.08 

0.09 

0 11 

0.13 

O.lSj 

0 


HORIZONTAL CORRECTIONS FOR DISTANCE 


Dib. 

0® 

!• 

2® 

3® 

4® 

5® 

0®~^ 

7® 

8® 

9® 

• VM) 

0 0 

0.0 

0,1 

0.3 

0.5 

0 8 

1.1 

1.5 

1 9 

2. 5 

200 

0.0 

0,1 

0.2 

0,5 

1.0 

1.5 

2.2 

3 0 

3 9 

4.9 

300 

0 0 

ED 


0.8 

1.5 

2.3 

3.3 

4.5 

5.H 

7.4 

400 

0.0 

0.1 


1.1 

2.0 

3.0 

4.4 

6.0 

7.8 

9.8 

500 

0.0 

121 


1.4 

2.6 

3.8 

5.5 

7.5 

9.7 

12.3 

• 600 

0.0 

0.2 


1.0 

2.9 

4,6 

6.5 

8.9 

11.6 

14.7 

700 

0.0 

0.2 

0.8 

1.9 

3 4 1 

5 3 

7.6 

10.4 

13.6 

17.2 

800 

0.0 

0 2 

l.O 

2.2 

3 0 

0.1 

H.7 

tl.9 

15.5 

19.6 

900 j 

0.0 

o.a 

1.1 

2.4 

4.4 1 

0.8 

9.8 

13,4 

17.5 ; 

22.1 


ED 

0.3 

1.2 

2.7 

ED 

7.6 

10. 9j 

14.9 

19.4 

24 5 

(c + I) ©orreetioiwforbori- 

KMital duta&oeB 

1.00 



1.00 

1.00 

0.99 

0.90 

0.09 

0.99 

0.90 
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VERTICAL HEIGHTS FOR DISTANCE OF lOO.—iContinued) 


Min, 

10'’ 

11* 

12* 

13® 

14® 

15® 

16® 

17® 

18® 

19® 

0 

17. 10 

18.73 

20.34 

21.92 

23.47 

25.00 

26.. 50 

27.96 

20.30 

30 78 

2 

17.10 

18.78 

20.39 

21.97 

23.52 

25.05 

20.55 

28.01 

20.44 

30.83 

4 

17.21 

18.84 

20.44 

22.02 

23.58 

25.10 

26.59 

28.06 

20.48 

30.87 

0 

17.20 

18.89 

20.50 

22.08 

23.63 

25.15 

26.64 

28.10 

20.53 

30.92 

8 

17.32 

18.95 

20.55 

22.13 

23.68 

25.20 

26.69 

28.15 

20.58 

30.97 

10 

17.37 

10.00 

20.fJ0 

22.18 

23.73 

25.25 

26.74 

28.20 

20.62 

31.01 

12 

17.43 

19.05 

20.06 

22.23 

23.78 

25.30 

26.79 

28.25 

29.67 

31.06 

14 

17.48 

10.11 

20.71 

22.28 

23.83 

25.35 

26.84 

28.30 

29.72 

31.10 

10 

17.54 

10.10 

20.70 

22.34 

23.88 

25.40 

26.89 

28.34 

29.76 

31.15 

18 

17.59 

10.21 

20.81 

22.30 

23.93 

25.45 

26.94 

28.39 

29.81 

31 19 

20 

17.05 

19.27 

20.87 

22.44 

23.90 

25.. 50 

26.09 

28.44 

20.86 

31.24 

22 

17.70 

19.32 

20.92 

22.40 

24.04 

25.55 

27.04 

28.49 

29.90 

31.28 

24 

17.70 

10 38 

20.97 

22.54 

24.00 

25.00 

27.09 

28.54 

29.05 

31.33 

20 

17.81 

19.43 

21.03 

22.00 

24.14 

25.65 

27.13 

28.58 

30.00 

31.38 

28 

17.80 

10.48 

21.08 

22.05 

24.19 

25.70 

27 . 18 

28.63 

30.04 

31.42 

30 

17.02 

10.54 

21.13 

22.70 

24.24 

25.75 

27.23 

28.68 

30.09 

31.47 

32 

17.97 

19.59 

21.18 

22.75 

24.20 

25.80 

27.28 

28.73 

30.14 

31.51 

34 

18.03 

10.04 

21.24 

22.80 

24.34 

25.85 

27.33 

28.77 

30.10 

31.56 

30 

18.08 

19.70 

21.29 

22.85 

24 . 39 

25.00 

27.38 

28.82 

30.23 

31.60 

38 

18.14 

19.75 

21.34 

22.91 

24.44 

25.95 

27.43 

28.87 

30.28 

31 . 65 

40 

18.19 

19.80 

21.39 

22.90 

24.40 

26.00 

27.48 

28.92 

30.32 

31.69 

42 

18.24 

19.80 

21.45 

23.01 

24.55 

26.05 

27.52 

28.96 

30.37 

31.74 

44 

18.30 

10.91 

21.50 

23.00 

24.60 

26.10 

27.57 

20.01 

30.41 

31.78 

40 

18.35 

19.00 

21. 5,5 

23.11 

24.65 

26.15 

27.62 

20.06 

30.46 

31.83 

48 

18,41 

20.02 

21. (K) 

23.16 

24.70 

26.20 

27.67 

29.11 

30.51 

31.87 

50 

18.40 

20.07: 

21.60 

23.22 

24.75 

26.25 

27.72 

29.15 

30.55 

31.92 

52 

IS 51 

20.12 

21.71 

23.27 

24.80 

26. ;m) 

27.77 

29.20 

30.60 

31.96 

54 

18,57 

20.18 

21 . 70 

23.32 

24.85 

26.. 35 

27.81 

29.25 

30.65 

32.01 

50 

18.02 

20.23 

21.81 

23.37 

24.90 

26.40 

27.86 

29.30 

30.69 

32.05 

58 

18 08 

20 28 

21.87 

23.42 

24.95 

26.45 

27.91 

20.34 

30.74 

32.00 

60 

18,73 

20.341 

21.92 

23.47 

25.00 

!26.50 

27.96 

29.39 

30.78 

32.14 

(c + f) oorrectiona for 
vertical heights 

0.18 

0.20 

0.22 

0.23 

0.25 

jO.27 

0.28 

0.30 

0.32 

0.33 


HORIZONTAL CORRECTIONS FOR DISTANCE.— (Ctmltniterf) 


I>ia. 

m 

11® 

12® 

13® 

14® 

15® 

16® 

17® 

18® 

19® 

100 

3,^ 

3.6 

4.3 

5.1 

5.9 

6.7 

7.6 

8.5, 

9.5 

10.6 

200 

6.0 

7.3 

8.6 

10.1 

U.7 

13.4 

15.2 

17.1 

19.1 

21.2 

300 

0.1 

10.0 


15.2 

17.6 


22.8 

25.6 

28.6 

81.8 

400 

12.1 

14.6 


20.2 

23.4 

26.8 

30.4 

34.2 

38.2 

42.4 

500 

15.1 

18.2 

21.6 

25.3 

29.3 

33.5 

38. U 

42.7 

47.7 

53.0 

eoo 

18.1 

21.8 

25.9 

^.4 

35! 1 

40.2 

45.6 

51.8 

57.3 

63.6 

700 

21.1 

25.6 

30.2 

35.4 

41.0 

4b. 9 

53.2 

59.8 

66.8 

74.2 

800 

34.2 

29.1 

34.6 

40.5 

46.8 

53.6 

[20 

68.4 

76.4 

84.8 

900 

27.2 

32.8 

38.9 

45.5 

52.7 

60.3 

08.4 

76.9 

86.0 

96.4 

1.000 

EO 

mM 

43.2 

50. 

58.5 

67.0 

76.0 

85.5 

95.5 


Co ,4* f) eorreotions for 
; liorlstmi*! 4kta»ecB 

0.99 

o.w 


0.97 

0,97 

0.96 

0.96 

0.95 

0.95 

0.94 
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of igneous rocks, 154 
of joints, 250 

of rnetaniorphic rocks, 282 
of mineral deposits, 287 
relative, 110, 154, 188 
of scxliineiitury materials, 1 10, 1 1 1 
Agglomerate, volcanic, 13, 121, 201, 202 
Aggraclation by streams, 112, 314, 330 
Airjtlafie (see Aerial bast* map) 

Airplane mapping. 536-556 
uwiR of, .530. 542-55(> 

Airplane photographs, 537-642, 545 
distortion in, 540, 554 
errors in, 540 

Airplane reconnaissance, 537 
Alhite, 129 

Alden, W. C.. 352, 353 
Alidade,*adju8ttnent of the, 437 
care of the, 4^6 

open sight, 420, 433, 434, 402, 403. 5! 
529 

telescopic, 433, 434, 435, 490, 529 
Alluvial cone deposits, 58. 05, 101 
Alluvial cones, 57, 77, 95 
Alluviation by rivers, 314 
Altimeter, 427 

PauUn, 431, 401. 482 
Ambronn, Richard, 716, 743, 709 


American Aasociafion of Petroleum (Jeolo 
gists, 504, 055, 770, 777 
Anierican ( Jf'ographical Sonnet y. 537, 538 
Atiierican Institute of Mining and Metal 
liirgical Kiigineers, 717, 77.3 
Aniygdales, 9. 13, 117, 118. 285, 28<l 
Ain> gdaloidal structure, 117, 118. 133. 13-t 
Aiianiorphism, zone of, 204 
Aiidalusitc, 141,570 
Aiider,4on, C\ (■.. 813 
Aneroid baroriietei, 4‘^9-431, 401-490 
Angle, of inclination of bedding, 17 

of repose m sedimentK, 00, 84, 149, 192, 
291. 292. 295, 335, 356 
Anhydrite. 181, 182, 577 
Animal tiaeks, 54 

Anticlinui nose on u sirueture coOtour map. 
030 

AnlicUneA, asy inrnetrical, 104 
coinpOHit**, 108 

narrowing of. with depth, 160 
rcgioiinl, 108 
syrniiiet rical. 104 
Anticlirioriiirn. 108 
Apatite. 570 

Apophysis ( esl, 124, 144, 152, 153, 155. 281. 
289. 399 

Applin, Ksther Hiclmrds, .570 
Aprons, ft ontal, 320 
Arlniekle Mountain uplift, 108 
Arenite. 785 

Arid regions, 53, 318. 342 
(8ce also Deserts) 

Aridity, evideiiees for, 100, 101 
Arkose, 12, 70. 101, 108 
Arrangement of injnerals, 205-270, 278 
Arroyos, 342 
.Ash, volcanic. 118 

AsmmiUtion, marginal, 137. 144, 151 
Asphalt, 75 

Astronomy, use of, in tletrennining deciiua- 
tion. 4fM. 495 
Athy, L. K, 64 

Atmospheric presMlrc, 430. 467, .460 
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Attitudo, of contorted Htraia, 411 
defined, d 

of cruptivii iiontacta, 411, 413 
of faultH, 205 
of foMiila, 96. 97. 98 

Atwood, W. W., 333, 3r)7, 358, 375, 383 
Atiffitc, 18, .36 
Aurin. V, L., 565 
Auto<4n.Mtic rockn, 106 
AuUx'ltiHtit; Htnirlures, 2.'i9 262 
Aiitomolnie, 442, 462, 463 
Antoinohile traversoH, 529 
Aviiltiiichc, d^hi'is, 2 
Avalanohen, folding end uruHioii by, 192 
Ascch. cryetalloKriiphic, 268 
Axial refiione in HectioiiH, 623 
plane of a fold, 165 
surface of a folrl. 164, 165, 166 
Axis of a fold, 165. 166 

11 

llackHiffhi, 496, 512, 513. 514 
Hailey, .1, P., 571 
Hajada, 318, 325 
Hakiiift, 92. 138. 1.39. 145, 403 
of day. 59, 92 

Halance, Eotvos iurHion, 716 
Halk, Robert, 119, 136, 151, 247, 248, 249, 
250, .595 

Haiaboos. 360, 363 
Barbers Hill salt dome, 550 
Barchans, 351 
Barite, 286 
Barograph. 431, 432 
Barometer, aneroid, 429--431 
Barometer method, 404, 449, 461-490, 545 
Barometric readings, correction of, 467, 
469-480 

Harrell, J.. 53. 81. 104, 138 
Barrows, H. H., 266 
Bars, bay month, .309, 336 
ofTahore, 306, 370 
sand. 83, 87 

Barton, Donald C., 713, 716. 717, 721. 730, 
734, 743. 761 
Basalt flow, 68 
Blue level, 365. 366 
Base maps, 441, 454, 462, 538, 545 
Base section, 610 
Base atation, 738 

t^i&adba on a atrueture contour map, 830 


Basins, barriei, 335, 3.30, .344, 378 
constructional, 334 
deposits of interior, 104 
destruction al, .337 
down warp, 334 
fault, 218, 239, 330 
glaciated, 108 
identification of, 328 
lake. 335 
structural, 169 
volcanic. .334 
wind scoured, 337 
Bass, N. W., 89 
Hutholith on a map, 678 
Haiholiths, 122, 125, 126, 127, 136, 138, 
142, 144, 147, 148, 150, 151, 15&. 154 
156, 159, 160, 161, 403 
Baiisch & Lomb, 520 
Beach cusps. 49 

structure, 84, 87 

Beaches, 40. 50,-51, 52. 54, 65, 09, 70. 72. 
84. 04, 191. 309 
barrier. 306 
bay head, 306 
elassiheation of, 305 
IWarnan intervals, .520 
Beaman stadia arc, 435, 517 
Hcdfiing, 50 
absence of, ,56 
in ehernicul deposits, 56 
in mechanical deposits, 55 
obscure, 403 
in organic deposits, 50 
Bedrock, 2, 4, 5, 7, 69 
Beds, competent, in folding, 172, 173, 174, 
273, 275, 286 
top and bottom of, 187 
(8fe alKO Btrata) 

Helire, Charles, fl., Jr., 291 
Bench, 309 
topographic, 298 
Benelux, abandoned, 312 
canyon, 312, 313 
fault, .310 
marine, 312 

wave out, 207, 312, 313, 362. 371 
Bergsehrund, 22, 300 
Bevan, A., 212 
Bevelling of outoropa, 406 
Bibliogtaphies for reference, 41 
Bibliography, 817 
Big Lake field. 587 

Bjotite. 18. 35. 36, 95, 265, 266, 268, 670 
Birdseye, C. H., 496 
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Bit, conventional, 5C1 
fish-tail , .%0 
<4 pprcuNKion, oOO 
Black Hills, 

BltickwcMcr, E., 33, 110, 260, 318. 322. 
325 

Blake, J. II.. 46 

Block diagram, reqiiiaite data fur a, 005 
Block diuKriiiriK, 0.56-6<i6 
coiiAtriJct ion of, 000 
iioniMMspcctivc, (Mil 
perspective, 600 
Block map, 060 
Block relief, (iOO 
Blow-outs, 337 
Bog iron ore, 66 
Boliiias Bay, 307 
Bolinas-Toniules valley, 331, 332 
Bolson, 325. 326 
Bombs, volcanic. 13, 47, 121 
Bore-holes, correlation of samples fioni, 
668 

crooked, 054-669 
electrical logging of, 673 
omission and repetition of Vicils observed 
in, 233 

(See also Wells) 

Borings, 404 
Horium, 662 
Bornhardt, W.. 360 
Bfisses, igneous, 122 
BoitoinsetR, 81, 85 
Bowen, N. L., 137 
Bowiiig, anticlinal, 170 
synclinal, 170 
Bowlder belts, 368 
Bowlders, 35 
isolated, 02. 100, 192 
and outcrops distinguished, 307 
Breccias. 12. 250-262 
fault, 11, 106 
flow, 262 

intraformational, 03 
intrusive, 143, 144 
structure, 200i 
vein, 11 

Bridges, natural, 347, 348 
Bracks, Ernest, W., 224 
Bubble impressions, 54 
Bucher. W. H.. 40, 253. 254 
Buried hills. 176 

Buried ridge, gravity effects of a, 732, 733, 
734 

Buttes. 298. 360, .361 


C 

('alcile, 10, 60. 62, 268, 260. 570 
('aldcras, 331 
('aliche, 19 

( alifurniH, 307. 311, 33). 332, 344, 360. 369, 
544, 546. 687. .580 

C'alifornin 8(at« Eailh(|iiakc InveMigafiun 
(\>mmission, 331, 332 
C'amcras, 417, 441, 539 
C'ampbfll, M. 11., 461, 464 
C'anyoii Mountain urc.'i. Mmituim, 214 
Cup MK-k, 181 

elTccl of, on gravit'- measure im*iiis, 729 
C'apilliiiy action, 18. 38 
(5iiboii lilt in, fixed, 279, 280 
CaibonaccoiiH iiiuttci , 141 
Caibonatioi., 46 
C'urUbud Cavein, 317 
C'asiiig in a ells, 560 
Cataclastic structure, 268 
il'av'ernM uiid caves, 2, 22, 337, 338, 347, 318 
CVinciitiition, 60, 63, 139, 140 
belt of, 263 

Ceiiiiul Mim^ial Region of 'rexas, 168 

(''halcop> I itc, 286 

('hambci im, T. (’., 30 

Chatter iituiks, 25, 30, 42 

Checking huioti.cler ri'iidingK, 469 471 

Chemical anal>siH, 417 

Chilling of lava or magrna, 132, 133 

Chimneys, 302 

rhloiinc content, maiis n*cording, 659 
Choice of fiehi incthcKi. 630 
Chonoliths, 124, 127, 147, 152,412 
Chute, 630 

C/irciilation of mud or water in drilling. 660, 
662 

Cirquw, glacial. 209, 344, 346, 340. 368 
Clapp, C. II., 466 
Clapp, r. O., 627. 630 
Clark, Glenn V.., 665 
Clark, Stuart K., 566 
Classification, of itpicous rocks, 784 
of inctarnorphic rocks, 786 
of sedimentary rocks, 785 
Clay galls. 13. 100 
Clays, prodelta, 81, 310, 320 
Clay-shavings. 03 
Cleavage, 188 
in country rock. 14.5. 148 
discrimination between, and bedding, 272 
flow, 266. 267. 268, 271, 273 
fracture. 200. 258. 250. 266. 271 
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(‘iMivagf', pfriphn-iil, 138, Ml. 143 

in rHiiiioii to intniHivr roniart^, Ml, 1 li* 
iflutioiis Ilf, and hcddiiif'; in foldn, 273 
rnlatioiiN of flow, to fianturc floaviigM, 271, 
272 

ruck, 258 
in k1hU;h, 130 
hluly, 207 

HyinliolH for, on inatw, 507 
iiHCH of, in RcoloKio intcrrirciution, 274 
(MifTn, 22, 293 

abiiTidoncd ah ore line, 295, 290 
deatriictional, 297 
fault, 294, 295 
ice ( 4 narried, 299 
ice aa Plied. 299 
identificution of, 294 
river, 297 
aea, 297 
nhore line, 295 
volcanic, 295 
wave c\il, 313. 302. 371 
rUniute, 18. 19. 21, 3h. 35, 50, 93, 99. 100, 
104, 108, 400, 571 

rUnonicter, 403. 404, 41 J, 420, 425, 420, 428 
and eonipaaa method, 449 '459 
(’loofl, Krnst, 254 
('loHurcM, anticlinal, 170 
HyncUnat, 170 
Clots, no 

Coal, 59, 60. 75, 96, 101. J03, 279, 767 

C'oaat and CSeodetic Su^^•cy, 440 

Coffey, G. N., 3,52 

ColIcctiiiR apeciiiicnn, 416 

Colloidal matter, 60 

Colloids, rcimival of, 570 

Colorado, 122 

Colors of rocks. 8, 10. 11. 12, 18-20, 60 
Column, geologic, 668, 069, 782 
('ompactioii of sediments, 60, 63, 64 
(?ompni». 412. 420 

Druntun. 420, 422. 423, 425, 426, 460 
and cliiiometor lUfthcxl, 449-459 
Gurley. 420, 422, 423, 433. 463, 525 
setting the, 423 

traverses, 451, 452, 453, 4.57-450. 531 
Coin|)etent beds, 172, 173, 186. 273, 275. 286 
Coinpoaition in sedimentary rooks. 56, 66 
ConiprcHRsibility of sediments, 04, 176 
Compression, in folding, 179 
of sediments, 63. 64. 177. 178 
or shearing stress. 271 
. tangential, 178 

^ ConiputiUions, geoLogio, 683-761 


f’onennlMnt igneous bodies, 122 
CoiieietifjiiH, 8, 13, 14, 17, 60, 61 
Conduct ivit.\ , elretneal, 578, 713, 766, 76T 
Conc'i. alluvial. .57. 65. 77. 295, 2Wi, 318, 344 
cindei, 292 
lava, 291 

voleunie, 126, 149, 155, 3.50 
on a map, 678 

('oiifoimuble stiata on u map, 67.3 
Conformity, 66 
line of, 15 

Conglornerat*', 8, .59, 403 

busal. 70. 106, 108, 109, 187, 400 
intraformational, 77, 79, 93 
Conglomerates, crush, 106 
Conjugate sets of jointj^, 2.52 
('oiKxlonth, .569 
('onseiinent stream, 382 
('ouMdidation, by eementulion, 60 
of 1 ‘hemicul Hediment.8, 61 
by diying, 1,59_ 
of meehaiueal siMiiineats, 59 
of molten rock, 128, 1.54 
of oiganie sediinents, 61 
by pressure, 60 
</(»ntact line, 7 
Contact lines, 14, 15 

f'oiitaet metamoiphism, 15, 121, 161, 162 
Contact phenomena, interpretation of, 151 
Contact /.ones, 121, 133--143, 403 
relation.^ of, to topography, 162 
Comaets, on airplane maps, 545 
uttitinie of, 413 
chilled, 1.33 
eruptive, JOl, 411 

igneous, 15, 20. 115, 1.30-133. 398. 399 
importance of, 398 
on maps, 598, 600, 601, 602, 615 
relations of, to erosion, 157 
to topography, 162 
shape of, 150, 412 
study of, 15;i, 155 
Contour, index. 386 
Contour interval, 385 
Contour maps, 384 

interpretation of, 390 
requisite data on, 386 
Contoui sketching, 530 
Conjuring, equispsoed, 648 
ineuhanical, 647 
parallel, 647 
Contours. 384 
spacing of, 391 

use of, for recording data on maps, 6.59 
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Contraction in formation of floloinitc. 02 
(\m*trol, icnnind, hHii 
lioiizontal, 102 

HtiitlOtlH, iWA 

(''ontrolh for mappiiiR, 440, dr>4 
Coiivergcnw, 171, 649, 050, 051, 052 
i-fTcct of, on stnicturc. 053 
t'ooniirmto nysteni of noto-tukinR, 454, 455 
('oquiiiH, 59 
('oihett, (I. S., 053 
Con* barrel, 502 

conventional, 501 
wire line, 501 
('ores, 503, 504, 573 
orientation of, 590 
oriented, 505 

relation of, to beddiiiR, 504, 590-593 
study of. 504, 572 
('orra.sion, 1 

('oi lection curve of harometrie readiiiRs, 
407, 469- 480 

in baionietric survcyiiiR, 474-480 
for curvature, 504 
foi refraction, 504 
Correlation, 4 
field, 408- 411 
local, 199 

method in seismic work, 758, 701 
of outcrops, 199 
of rocks in sections, 015 
of samples from wells, 508 
by use of radioactivity, 045 
(Corrosion, 1, 33, .338 
Country rock, 07, 115, 140, 149, 400. 401 
conditions of, at time of intrusion, 151 
Cracks, 15, 16 
Creases, 321, 335, 342 
Creep, rock, 2, 293 
soil. 2, 293. 360. 374, 400 
Creiiulations, 172, 271 
('riteria, for iffneous rocks, 281 
for sediments, 280, 281 
Crooked holes, 561. 68&-593, 054 
Cross-bedding, 10, 80-88, 98. 102. 103, 100. 
183, 184, ft7, 275, 276, 280, 406, 407 
eolian, 85, 86, 87 
significance of, 98 
torrential, 83 

wave built, 84 « 

Crystallisation, 116, 117, 118, 128, 129, 130, 
132, 139, 154 

Crystallographic axes, 208 
Cuesta face, 298 
Cuesta scarp, 298 


Cnesfas. 300, 801 
(iipolas, 125, 159. 100, 161 
Curreni urtion, 98 

direction of, 50, 52. 841, 98, 90 
marks, 49 
stiength of, 99 
('ill I cuts, effects of, 97 
longshore, 84 
work by, 89 

C^iivuture, coriectinn foi, 504 

liilTcrential. 717. 720, 722, 730, 730 
Curve, til St, .579 
fourth. 579, 580 
natural, 574 

permeability. .574, .570, 578. 580 
porosity, 574 
potential, .574 
resistivity, 574, .579 
seconil, .570, 580 
sell-pot entiul, 57 l. .570, ,5&i), 643 
third, 579. .580 
('nsliinun, .losepli A.. 570 
(’lisps beucli, 49 
(’iittings, r(M>k, .500, .503 
(\vanite. .570 

Cyele, of ariil erosion, 307, 308, 373-375 
of lake shores, 373 
of tnartne erosion, 30ff 373 
of mountain glacier erosion, 308, 309 
of liver erosion, 323, 324, 'ffl.5- 368 
C’yeles, of erosion, 304, .30.5 
geomorphie, 36.5 
physiographic, 365 
in sedimentation, 91, 92 

1 ) 

Dale, T. N., 251. 259 

Daly, R. A.. 122, 125, 126, 138. 143. 144 

Daniels, J. 1., .565 

Darton, N. H.. 380 

Davis, Foote, and Rayner, 540 

Davis. W. M.. 83, 242, 293, 363. 304 . 326. 

322, 325, 341, 300, 370, 373. 375 
Day, Arthur L., 128 
Decke(n), 212 
Decarbonation, 140 

Declination, ©orrection for, 422, 423, 449. 
462 

determination of. 493-496 
inagneiie, 731^ 

Deeomposiiifin. 1 22, 27, 31, 100, lOl, 192, 
.137 
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nfiepesi hore-hoTe in the world, 589 
I>«flatioii, 325. 874 

Defnrnialinn, ooiitcnipo) utieous, 80, 189, 
191, 192 

liy frantiirc and ftowaR<\ 103 
manner of, 171 
DeCiolycr, E., 182 
Degradation by rivers, 314 
Dehydration, 140 

£iO in gravity Tneanurenienta, 721, 730 
^0 eurve, 727, 729, 730 
Delta plains, glaeial, 320 
structure, 80, 81, 82, 80 
Deltaa, 60. 77, 87. 103, 318, 319 
Dendritic drainage pattern, 381 
Denison University. 502 
Density in the lithonphere. 718 
Deposits, aciueoglaeiiil, 50, 77, 05, 100, 112, 
190. 336, 360, 788, 780, 702, 793, 794, 
795 

ociueous, 87 

arrangement of, 70, 71, 177 
chemieal. 2. 50. 58. 403 
classification of, 788-793 
clastic, 2 
consolidated, 00 
continental. 53, 101, 102 
deep water, 90 
eolian, 77, 87, 790-795 
fluviatile, 788, 789, 702-795 
fragmental, 2 

glacial, 57, 59, 112. 332, 333. 334 , 335. 
790, 791 

gravity, 790. 791, 794, 795 
inorganic, 2 

lacustrine, 788, 789, 792-795 
lake. 72 

littoral. 101, 102. 788, 780, 792-70.5 
marine, 71, 72, 101, 102, 788, 789, 792- 
796 

mechanical, 2, 55-50 
mineral. 283-280 
organic, 2, 56, 68 
piedmont slope, 104 
quiet water, 58 
residual, 2, 6. 69, 790-796 
shallow water, 00 
sheetflood, 100 
transported, 2, 6 
unconsolidated, 60 , 
vein, siie of, ,287 
voicnnio, 790-795 

^^ipaposltioin in quiet water, or not, 98 


Depth, dip, and thickness of inclined strata, 
809 

of a point, determination of, 600 
point, 703 
Dc-rooting, 126 
Desert varnish, 18, 19 
Deserts, sediments in, 104 
topographic forms in, 321, 324, 350 
Desjardins, Louis, 551 
Desiccation fissures, 52 
Detail mapping, 447 
Detector sr>rearl, 757 
Deviation of hol(>s, 501, 589-593 
Diagrams, block, 05(M)ti0 
serial, 608 
skeleton, 660, 667 
Diamond drill, 550 
Diamond drilling, 662 
Diatoms, 569 

DifTcrential movement in folding, 171, 173 
174 

Differentiates, 137 
Differentiation, magmatic, 137, 147 
Dikes. 9, 11, 123, 127, IZfi, 140, 155, 412 
branching, 154 
clastic, 74, 75, 111 

discrimination between, and veins, 288 
erosion of, 1.68 
intersecting, 154 
on a map, 078 

in relation to topography, 102 
Dillcr, J. S., 292 
Dip, 0, 174, 175 
in cores, 505-508, 500-593 
corrections for, 804, 805, 806, 807, 810 
depth, and thickness of inclined strata, 
809 

determination oi, 403-406, 412, 460, 601- 
696 

discrimination between primary and 
secondary, 183 
of faults, 205 

variations in, 219, 220 
homoclinal, 91 
initial, 60, 175 ' 

as a measure of tUting, 186 
method of shooting in seisiuic work, 758, 
760 

normal. 169 , 

original, 65, 66. 183, 184 
primary, 65, 66 
recording of. 448, 454 
regional, 169, 217 
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Dip, Hlor>c, 360, 361 
dnd strike on a map, 673 
Hymbols for, 595, 506, 597 
true, 461 ■ 

Diiw, draff, 179 

cxprcHBed as angles and as feet per mile, 
803 

mappinff where, are low, 459 
relations of, to contours, 672 

to topography, 672, 675, 676, 677 
as seen in sections, 620 -623 
Direction, of ascent and descent on a map, 
390 

of currents, 50, 52, 86, 87, 98, 99 
rletermination of, 420, 444. 4fl0, 462, 490, 
529 

of forces in folding. 185 
of a geologic section, 626 
of icc movement, 362 
of ice thrust, 190 
indicated on a map. 386 
of transportation, 108, 100 
of wind, 50, 54, 85, 101, 350, 351 
Directional drilling, 593 
Directions, magnetic, 421 
recording of, 420 
true. 421 

Discoloration. 140, 145 
Disconformity, 67, 68, 77, 105, 106 
Discordant igneous bodies, 122 
Disintegration, 1. 5, 21, 22. 23, 27, 41. 339 
bowlders of, 13, 46 
sands. 37 

Displacement, as evidence of faulting, 222 
of a fault, 206>210 
relative to sea level, 241 
variations in, 219 

Distance, horuontal, meoHiirenient of, 497 
inclined, measurement of, 501 
map, 444 

measuiement of, 428, 444, 460, 462,490, 520 
slope, 444 

between two points on a map, 392 
Distortion of objects in shearing, 275, 278 
Diurnal variations, in pressure, 468 
in temperature, 485 
Dodge, John Franklin, 589, 593 
Dolomite, 62 

Dome, 109 • 

on a struoture contour map, 630 
Domes, exfoliation, 360, 301 
piercement, 182 

salt, 180-183, 164. 217, 550, 667, 659, 
72O4 726, .749, 754, 755 


Drag, 205. 220, 222. 223 
ditH). 179, 205 
Strikes, 205 

Drainage pattern, 378, 379, 380-382 
Droikantcr, 44, 45 
Drift hollows. 345 
of a bore hole (fee Deviation) 

Drill stem, 560 

leaning of, in drilling, 589 
Driller's terms, 564 
Drilling, cable tcml. 659. 564. 589 
diamond, 562 
directional, 593 
exploratory, 563 
inclined, 593 
methods of, 5.59-503 
percussion, 569 
rate of, 581 
rotary, 560, ,564 
standard, 559 
Drilling-rate charts, 581 
Drumlins, 57. 59. 3.52. 353 
Dnisy cavities, 289 
Dune hollows, 332 
Dune topography, 332, 350 
Dunes, 85. 87, 96 
clay, 352 
migration of. 85 
sand, 332. 3.50-352, 370 
Dust, volcanic, 121 
Dutton, C. K., 291 

E 

Earth 60 w, 306 
Eartluiuakes, 76, 201 
Economic QftAogy, 456, 807 
Economic Geology, Annotated Hibliography 
of. 415. 466, 807 
Einkanter, 44, 46 
Elastic diseoniiniiitiss, 744 
Elastic ear A waves, 742 
rate of propagation of, 744 
Elasticity, 713 

Electric methcHis, 713. 714, 766-778 
classification of, 708 
high frequency, 708, 771 
induction, 708, 775 
radiation, 768 
mdstivity, 708. 770 
self-potential, 708. 709 
Electrical conductivity, 71S 
loggino. 673-581 
surveying, 573 
traneieat metliod, 70S. 777 
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KloctrodoH, 578, 570 
ElpctrtJ-filtration, 575, 577, 578 
EleriromaKiirtia iiiMthcxlH, 758, 775 
Elevation, of a Riven point on u map, 301 
of land. 327 
neRative, 540 
poHitive, 04G 
HubHea. 040 

ElevatioiiM, deieniiiiiution of, 453, 401, 470, 
470. 400, 514 
Eltran, 777 

Eiiiplaoenient of iRneouH IkmIIch, 122, 151 

EndomorphiHin, 121 

EiirIihIi, Walter A., 542 

K6tvi>H torRion halaiico. 710 

Eotv^M unit 723 

Epidoie, 570 

Era, 782 

EroHion, 1, 5, 204 
aRcnta of, 1, 34, 08 
contemporaneous, 70, 77, 78, 70, 100 
cycles of, 304 
differential , 28, 330 
of eruptive bodies, 150, 157 
by ice. 208, 200, 344, 345 
processes of, 1, 21. 22, 24 
products of, 1 

relations of contacts to, 157 
by rivers, 347 

by waves, 312, 347, 308, 370 
by wind, 325, 350 
Error, limits of. 410, .528, 020 
sources of. 400, 408, 410, 527 
triangle of, 510 

Errors, in aerial photographs, 540-542, ,554 
correction of, in barometric surveying, 
408, 409-480 
Eruption, manner of. 151 
Eruptions, central, 125 
fissure, 125 

Eruptive bodies, olassifi cation of, 121-127, 
149 

depth of, 150-157 

field recognition of. 152 

field interpretation of, 140 

in relation to laud surface. 150 

in relation to time of origin. 154 

shape of, 149 

sise of, 127 

topographic expression of, 157 
Eruptive rock defined* 114 
Eskers, 45, 57, 190* 385. 354. 355 
Evaporation, IB 

A. S.. 716* 743, 760 


Everglades, 32(i 

Evaggeratif'n of scale in sections, 017 
Exfoliation. 21, 40, 41, 148, 402 
bowlder H of, 41 
contact, 144 
cracks, 200 
domes, 300, ,301 
scars, 12 

Exotnorphisin, 121, 138 
P2xpansion, 508 
Extiosure, 2 

Exposures, stirriy of, 5, 0 
Extrusive rock defined, 111 

F 

Facets, triangular, 303, 304 
Fairchild Aerial Surveys, 547, 648 
Fanning. 749, 750, 751 
Fans, alluvial, .318. 342 
joint, 248 

Fan-shooting, 749, 760, 751 
Futh, A. E.. 203 
F'aiilt, bedding, 210 
blocks, 205 
breccias, 205, 260 
clifTs, 204 
complex, 215 
diagonal, 216 
dip, 216 
gouge, 205 
in Her. 080 
line, 15 

longitudinal, 216 
outlier, 079 

passing into a flexure, 210, 213 
scarp, origiital inclination of a, 242 
scarps, 295, 290, 302. 303, 330 
strike, 210, 220 
surfaces, 28, 29, 204 
tilt of strata toward a, 221 
trace, 205 
transverse, 210 

trough, 217 , 

wedge, 216 * 

xoiiea, 203 
Faultmg, 24 
causes of, 201 
effect# of, on streams, 241 
evidences for, 221 ' 

flexing caused by, 179. 193 
hillside ridge made by, 311 
intermittent, 201. 221 
i'Bult-Hnc gaps. 340, 341, 342 
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Fault-line acarps. 301 , 302 
Fault-line valleys, 340 
Faults, 200-243 , 4M 

on airplane niaps, 545, 548 
braiK-h. 215 

elassifioation of, 200, 210, 224-234 

eoinpieasion, 211, 205 

eontrusted with other eontaets, 308, 300 

detei rriirintion of .slip and shift of, tWHi- 701 

displaeeinent of, 201, 200, 210 

ilistrihution of, 202 

flistriluilive, 215 

dyiiiK out. upw-ard or downward, 210 

en echelon, 203 

extent of, 201, 212 

folded, 235 

gravity, 237, 238 

gravity effects of, 731, 732 

hinge, 21.5 

intei oretation of, 221-234 
on a map, 070, 080 
multiple, 215 
normal, 204, 211 
overlapping, 203 
pivotal, 215 

in relation to intrusion, 155 
in relation to the land surface, 23S, 3l0, 
347 

in relation to their time of erigin, 2.*14 

relations of, to folds, 210, 213, 220 

lelative age of, 234 

revcrae, 204, 211 

rotational, 215 

scissors, 215 

in 8(*ctionH, 625, 020 

symbols for, on maps, 500 

tear, 213 

tension, 211 

terms pertaining to. 204-200 
topographic forms reiaitsl to, 238 
in unconsolidated dcpiisitp, 230, 237 
warped, 235 
Fay, A. H., Ill 
FeldsiSar, 10.,30, 267, 268 
Feld,Hpar8, sliced, 267 
Feldspathic sandstone, 101 
Felsite. 11 

Fenneman, N. M., 84 
Fenstor, 241 
Field geoloK^^ 3 

Field mapping, choice of method of, 530 
comparison of methods of, 626 
Field observatidlis, schedule for, 413 
Biiggestiorfs for. 418 


F'ield work, firocedure in, 17 
scope of. ,300 
riltrstioM, .574 , 580 
elfTlio-. .575, .577. 578 
Filing htatiOfi, 748 
Fissility, 142, 258 
Fissures, desierution, 52 
«iiiarginal. 247, 218, 246, 250 
Fixed e:iil»oii inlio, 27!1, 28l) 

FIut^, esluiuine, 321 
mud. .321 
tidal. 3.52 

Fleming. K (*., 28.3 

Flexures, clasHificntion of, 104, 210, 213 
F1 «mmI plains, .5.3, 51, 77 
Florida, .56 
Flow, n. 126 
hreecias, 202 
e|/ttvage, 2#>(i 
lava, 22, 58. 146 
layers, 116. 120. 130 
lines, 116. 120, 130 
rate of, 151 

Flow structure. 6. 10, 118, 1.33. 1.35. 153. 
403. 413 

and fiactiire systems nss(>eiat(*rl with 
haiholiths. 247 
linear. 116. 1.53 
platy, 116, 1.53 
primary. 116 
Florsage. 10.3, 171 
ifs k. 205, 275, 270. 278. 282. 280 
*one of. 103, 172, 173, 174, 20.3, 282. 285 
Flows, 1.55. 412 

Fluid eonient of i wks, .573, 578, 583 
Fluid movement in rrs ks, 03 
Fluidity of lava, 128 
Fold, axial surfatre of a, 164. 165. 166 
axis of a, 165, 166 
basin, 166 
crest line of a, 107 
crystal surface of a, 167 
dome. 166 
flank of a. 166 
limh of a. 166 
ridge, 170 

tiough line of a, 107 
trough surface of a, 167 
Fold axes, deformation of, 18S 
Folding, causes and conditions of. 175 
cross, 188 
isoclinal. 624 
minor, 41 1 

paraliel. 170. 274, 628 
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Folding, similar, 17, 4U, 023 
two or rnoro periods of, 18B 
Folds. 414 

on airplane maps, 537 , 540, 547 

aHyrnmetrioal, 156, 167 

axial regions of, least metamorphosed, 280 

canoe, 169, 170 

carinate, 623 

chevron, 164 

classification of, 104 

complex, 168, 170 

relations of jointing to, 252 
coinpositfs 108, 173, 180 
concentric. 171 
diastrophic, 185 

discrimination between, originating before 
and after consolidation, 103 
drag, 173, 174, 185, 180, 188. 273, 274 
isoclinal, 024 

minor, in relation to major, 180, 188 
overturned, 212 
parallel, 171, 172, 173, 023 
recumbent, 104 

relation of cleavage and bedding in, 273 
in relation to the land surface, 194 
in relation to time of origin, 188 
relations of, to faults, 210, 213. 220 
in schists and gneisses, 180 
similar, 171, 172, 274. 023 
sixe of, 172 
subordinate, 411 
symmetrical, 166, 107, 185 
in unconsolidated sediments, 189-193 
upward and downward dying out of, 171, 
624 

varieties of, 167-172 
Foley, Lyndon, 203 
Foliates, 266 
Foliation, 50. 266 

Footnotes in a geologic report, 708, 709 
Footprints, 54, 100 
Foraminifera, 509, 570 
Fordham, W. H., 716 
Foreland, cuspate, 308, 309 
Foresets, 80, 81, 82. 83, 84, 85 
Foresight, 513, 514 
Formation lines, 71, 73 
Fossil imprints, 29, 102, 103, 188 
FcMSils, 81. 47, 54, 60, 61. 99. 102, 103, 110, 
m 321,411,569 
diagnostic. 644 
distortion of, 275. 277. 278 
enviroilment of, 411 
Index, 78. 74. 410 


Fossils, original environment of, 74 
position .of, 96, 97, 98, 187 
replaced, 285 
transgression of, 74, 4J 1 
Fourblcs, 660 

Fraction, representative, 386 
Frutitiire, and Oowage, 163, 200 
xoiic of. 163, 172, 173, 174, 200, 263. 282 
285 

Fracture cleavage, 258, 266 
FructiiiH stnictiu'c, 133, 1.53, 200 
Finctiirc syNteins, 135, 153, 403, 41.3 
ill igneous locks, 245 
Fractiirt^s, 15, 200 
crescentic, 25, 200 
parallel, 8 

Fragments, intraformational, 92, 94 
Freezing, action of, 1, 46, 54, 93. 346 
of molten rock, 154 
Frost action, 21, 22, 40 
marks, 54 
in soil, 293 

Fuller, M. L.. 279, 311, 335, 457 
F'lirrows (see (Irooves; Scratches; Slickcn- 
sidcs; Striae) 

G 

Galloway, J. J., 570 
Galls, clay, 13 
Gamiuu, 737 
Oaiiiiaa rays, 588 

Gap, in faulting, 208, 200, 227 , 

Gaps, destructional, 341 
fault, 331, 332, 341 
fault line, 331, 340, 341, 342 
water, 341 
wind. 341 

Garnet, 18. 35, 95, 141, 265, 570 
Gas, 63, 64, 75. 01, 559, 578, 582, 583, 588, 
651, 656 
Gases, 140, 280 

causes of motamorpliism, 15. 
volcanic. 129 , 

Gauss, 737 
Geanticline, 168 
Geodes, 285 

Geograpjfiy, description of, in a geologic 
report, 705 * 

Geologic column, 668, 609 
Geologic history from a geologic map, 680 
Geologic historj', description of, in a geolcwin 
report. 707 
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(jcoloKic struct urr. (icscriptioii of, in a 
RcoloKio report, 707 
OoloRic HurvoyiiiR, prtK’cdurcs in, 143 
schedule for, 413 
KU^^RcMions for, 414 410, 418 
uses of, 39.') 

(ieoloRic time scale, 782 

(ieoloRioal Society of America, 119, 217 

(leoloRy, field, 3 

(leomorphic cycles of erosion, 305 
tleoinorphoIoRy, 708 
Geophysical surve>inR, 713 
classes of, 713 
methods of. 713, 711, 778 
Geosynelines, 108. ISO, 182 
Geothermal data, .')82-.')87 
Geothermal Rradient, 587 
Geothermic ineth<Kl, 713 
GermariY. 180, 183 
Gilbert, G. K., 30. 331, 377, 401 
Gish-Rwmey method, 770 
Glacial advances, two or more, 3iW», 357 
Glacial epochs. 07. Ill, 112, 113 
Glacial front, xetreatiriR, 190 
Glacial striae, 25, 42 
Glaciated rock surfaces, 20 
Glaciated valleys, 31 
Glaciation, continental, 352 
Glaciers, mountain, 298 
GlidinR, crystal, 64 
Glyptoliths, 44 
Gneiss. 8. 10. 64. 268 
Gnciasic structure, 10 
Gossan, 287 

GoiiRes, crescentic, 25, 30 
Grabau, A., 38, 49, 51, 73, 80, 126, 411 
Graben, 217, 218, 239 
Grade, 305, 366 
per cent, 394 

Grades, per cent, and angles of slofie. 802 
Gradient, 717, 719, 721, 730 
arrow map, 725 
constructional, 66 
depositional, 60 
geothermal,*582, 587 
horixontal, 719, 720, 736 
normal poleward, 717 
of a dope, 394 

Granite Ridge of Kansas, 176 • 

Granularity, 21 
Granulation, 64. 183 
Gravimeter, 721. 723, 725 
compared with torsion, balance, 784 
siirveya, advantages of. 785 


Gravimetric incthcHis, 713, 714, 716 736 
i|uantiticH riieasured in. 7313 
Giavity, 713 

data, graphic ie)>icsenlntioit of, 726 
iiieasuicmcnt, units of, 723 
oliservuiioiiH, c(rcct.a of topography on 
721. 722, 723 
relative, 721 
Nurvc.MiiR, 727 
^'ariatioiiK in, 716 
Great South Haj', 3fKi 
Greensands. 39 
Gregory, H. K., 29 

Grooves, 21. 23, 24 29, 100, KW, 339, 311 
parallel. 8 
solution. 27 
Ground control, 539 
Ground roll, 745 
Groiindinass, 11.5 
Groundwater, 19 
level, 263 
Group, 782 
Grout Krttirk F., 783 
Gulf ('oast. 181. J8;i 
Gulf Coastal Plain, 199, 220 
Gunther, C. (»„ 28«3 
Gyiisurn, 56. 58, 181, 182, 321 

K 

Hade of a fault, 206 

Half-eell elertro-ehemieal potential, 575 

Hand level, 473 

Hand-level method, 459, 461 

Harris, G. T)., 695 

Hatch, F. H., and Rastall, R. H., 34 
Hayes, C. W.. 4)3, 424, 801 
Haystelhte, .562 
Heald. K. C., 524. 585. 587 
Heat, conduction of, in rocks, 139 
a factor in niPtamotpliism, ^9 
Heating. 1 
Heave. 209 

Heavy minerab, 570, 571 
Hedberg. Hollb D.. 64 
Hedstrom, Hcltner, 776. 777 
Height of instrument (H.I.), 401 
Heiland. C. A.. 716. 769 
Hematite. 18. 60, 140, 286 
Hewett. D, F., 167. 426 
Hiatus. 107, 109. 110 
Hill, Raymond A.. 481 
Rill, Robert T., 363 
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IUUh, 348 
luirind. 17fi 
I'oiiHtniciiuiial. 350 
ruction a), 350 
llolihH, W. H.. 258 
Kolihs Htnjcturc, 7l0 
lloKbankSt 300, 301 
Ilolf, doi'pcHf in tlir woilil. 580 
liolcH, caMf'd, loKKiiiff of, 588 
crooked. 501, 588 503 
iincaMed, lofCffirifC of, 588 
trollatid, 180. 183 
Hotiioclituil dip, 01 
ilorncKtlinal dipn in f^octioiiN, 01 !) 
IIoiiKKslino, 104, 105 
11<kk1ook, 302 

Hotusoii, key. 4(M, 408, 028. 031, 045 
llonxon linn in pci'Miiertivo, 001 
llori^suntul coiitro). 402 
llnrnhlcndo, 18, 30, 205 
liornatoMe. 13!), 140 
Horne, 205 
HorneM. 288 * 
llorat, 210, 217, 218, 23!) 

Houston Geolofficiil Hocioty, 574 
llovey, E. O.. 20 
Howe, E., 35!) 

Hower, S. Grace, 551 . 

Huerfano, 303 

Huntley, L, G., 030 

Hyde, J, E,. 03 

Hydration, 46 

Hydrogen nulphiiie. 20 

JlypothoHen, multiple working, 4 

1 

Icc, expansion of, 101 
interstitial, 2, 191 
lee abrasion, 344 
lee action, 57, 100, 300, 301 
tee advances, two or more, 35<1, 357 
lee l>erfEs, 102 

Ice blocks, effects of fl,>Hting, 180 

lee crowding in swamps, 101 

Ice dams, 335 

lee erosion, 26 

lee front, retreat of, 78 

Ice lobe, 26 

Igneous rock, defined, 1 14 
Igneous rot^ks, classification of, 784 
on a map, 678 

metamorphosed, dbiinguished from 
luetamorphosed sedimentary rooks, 
280 


Tgneou.s loekH, in sec! ions, 024 , 625 
rvinbols foj, on iniips, .jOo 
I ltiiiois, ,330 

JIliiNtratioiiH f(ii a geologic report, 70!) 
llinenite, 278. 570 
Inibiieuie Hiruetiirc, 215 
liiirierial Valley, 51!i 
Iiielinatiun of a alope on ii map, 3!M 
Inclined drilling, 593 
IneluHioiiH, 54, 115, 133. 148, 149, 403 
character of, 144 
cognate, 142, 143, 146, 147 
diKtingnislied from NCgregatioiiH, 147 
foicign, 142, 143, 144. 155 
ill igrieoiiK rocks, 8, 13, 47 
source of, 146 

Incompetent beds, 273, 275 
Index map, 71 1 
Indiana, 336 

Inference in field geology, 3 
Infiltration, 574 , 580 

of molten rock, 132, 138, 139 
of volatile constituents, 138, 140, 142 
Ingersoii, Earl, 95, 120, 270 
Injected igneous bodies, 122 
Inliers, 241 

Iiiselberg(e), 300, 363, 375 
InscMiuent drainage pottern. 378, 381 
Instrument man, 490 
Intel formational sheet. 123 
International Critiesl Tablw, 65 
Interpretation, of bore-hole data, f»56. 057, 
058, 6.59 

of contour majis, 390 
Interruption, 375 
Inteisection, 507, 525 
Interstitial moisture freezing of, 03 
Iiiterstratifieation, 58 
Interval, half, 435, 515 
stratigraphic, 90, 404, 552 
in surveying, 435, 515 
Iritraformational fragments. 92 
Intrusion, 265 

contemporaneous with deformation, 156 
of igneous material, 67, 151 
Intrusive rock defined, 114 
Irtung, J. D.. 456 
IsanomalieB, 740 

Island iKountains, 325, 360, 363, 375^ 

Islands, 348 

Isoohore, 653 

Isogain, 726 

Isogam map, 726, 728 

Isonomalies, 740 
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iMOpach, 653 
Isopach 6.'>3 
Inostatic HettlinK. 175, 176 
Ives, Ronald; L., 661 

J 

JaKffar, Thomas A., 128 
Jakosky niethcHl, 770 
Johnson, D. W., 49 
JohriHOu, 11. 11. , 030 
Joint, 244 
Joint blocks, 244 

dctaohrnerit of, 22, 23 
riven off by ici* action, 300 
Joint fans, 248 

Joint, interHectiiiK, systems, 251 
Joint surfaces, 244 
Joint walls, 244 

JointiiiR, columnar, 240, 247, 251 
aheet, 50, 250, 251 
tension, 138. 246. 247. 248 
transverse, 240, 247, 251 
Joints, IG, 20, 22. 188. 414 
age of, 250 
claasiOcation of, 244 
compression, 252, 253, 272 
conjugate sets of, 252, 256 
cross, 247 
diagonal, 240 
dip. 253 

of a drill stem, 560 

field study of, 255, 250 

Hat lying, 240, 250 

gash, 254, 286 

in relation to cleavage, 257 

in relation to the land surface, 258 

in relation to their time of origin, 2.VI 

interpretation of, 255 

longitudinal, 240 

major, 244 

on maps, 608 

master, 244, 254 

shear, 270 ^ 

in stratified rooks, 251, 254 
strike, 240. 252. 253 
symbols for, on maps, 508 
tension. 155, 248, 253, 254. 270 ^ 
Journal of iht American Chemical Soddy^ 
65 

Journal ofOedagy, 214. 201, 318. 363, 372 
Joyce, J. Wallace, 721 
Jumping of beds, 4CK1 


K 

Kaini^, 15, 57. lllO, 335. 355 
KnaHOH. 1 73. 332, 585. 587 
Kaolin, 99 

Karst topography. 339 
Katumoi phism, zone of, 264 
Kelly, Sherwin I'. 771. 773 
Kenfiicky, 3-17 
Kernhut, 310, 31 i 
Kerncul. 310, 311 
Kettle holes. 321. 335 
Key beds, 563, 558 

Key horizon, 404, 408. 478, 628. tsll, 1*4.5 

Keyes, i\ U., 324 

Keys, I>. 716. 743. 769 

Kitson, H, IV., 694. 605 

Klippe (n), 241 

Knopf Kleanoiu 1*., {*5, 120. 270 
Knois, MI 
Knitis. Krigu). .56.> 

L 

Laecoliths, 122, 123, 127, 147, 152 156, 157. 
161 

on a map, 678 

Lagoon, 306. 308, 3fKb 327. 336, 370. 371 
I.uhee. r. II , 203. 231, 431 ttit. .504 , 589. 

59.3, 655, 6.>8. 8t)7 
laike basins, glacial, .33.5 
Lake depemits. 72 
Mike succession. 73 

T.akes. ubundoned shorelines of, 370, 377 
glacial, 343 
oxbow, 3,3<i, 367 
playa, 337 
saline, 343 
temporary, 843, 378 
walleii, 101 
Lamina, 36 

Lamine, 89, 92, 05, 403 

t4fxtural variatiims in, 90, 187 
l^atuination . 0 
uniform, 89, 08 
l^aiid forms, 200 
changing. 365 
constructional, 290 
destructiofial, 200 
identification of positive, 348 
negative, 200 
poditivo, 200. 348 
Land icirvey divisions. 706 
l4ind'«1ufe action, 41 
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M(tiiii<lnockH, 32o, «Uil 
Moiinrliniil dip. lO.*) 

Hoxurt' oil a Htnirturi* <‘OTitoitr inup. TidO 
Moiiorlint*, 1<>4, 107, 185 
Montana, 214 
Moon, V. W., (i<W 
Moon*. II. (\, 782 
MoruiuoM, 355 
Riound. 344. 350 
latoral. 341, 350. 355, 358 
niarKinril. 350, 357 
medial, 350 

reecHnionii], Hit. 3.57, 358 
tenninal, 333, 334. 350, 357 
Moulton, (iiiil !■' , 20 
Movcniciita, miwh. 2 
Moiilinx, 31 

Moiintnin huildnif;, 20.5 
Mnuntuihh, hloek, 350 
fault, 350 

iNlatid. 300, 303, 375 
table, 300 

Movorneni, dilTereiitird, in folding, 171, 173. 

174, 185. 180 
Mud. .35 

Mud rracka, 52, .53, 70. 02, 100, 188 
Mud flata. 53 

u«od in diilhng, .560, 562, 574, 575, 570 
Mudflow, 2, 24, 27, 192. 318, 374 
(16brLs, 335 
Muda, lake Moor, 72 
Mudstone, .59, 403 
Mueneter-Uulcher ridge, 724 
Multiple hypothesfK, 4 
Muscovite, 8, 35, 95, 570 
Muskegs. 327 

N 

Nadir point, t541 
Nappe v.m), 212 
Nash salt dome, 720 
Natural circular funetioiiH, 801 
Neck, 124 
volcanic, 120 
Necks on a map, 678 
Nests. 94 
in till. 14 

Nettleton. 1^. L., 716 
346 

Nevin, C. M., 64. 2lS 
New England. 320 
New Jersey. 333. 334, 354 
New Mexieo, 347. 740 


New Yoik. 30t). 308, 320, 334. 343, 354, 379 
Nfwsorn, .1. I*'., 7.5 
Niehols, C. R., 771 
Nip, 371, 378 
Nivation, 340 
Niveau .surface, 710 
Noiieoiiforiuity , 07, 08 
North, iriiignetic, 386, 421, 423, 424 
true, 421, 423, 424 
North Aineiiea, 3.54 
North Carolina, 378 
Nose, anticlinal, 170 
Notch, 297 

Notebook. 448, 450, 451, 402-107, 470, 490, 
491. 492 

Note-taking, 448, 453, 401, 403-107 
Nunatiiks, 300, 362 

O 

Obst*ivation in fieW geology, 3 
Oeeiirrence, mode of, 121 
Odometer. 440. 449, 460, 402, 463. .529 
Officer, H. G., .565 
Oflfset, 208, 209, 224, 225, 227, 412 
Oil, 03, 04, 91, 559. 577, 678, 583, 588, 051, 
0.)0, 058 

Oil fields, mapping of, 640, 774 , 77.'). 770 
Oil and Oas Journal, 551 
OH Weehlu, 589 

Oklahoiua, 108, 202, 203, 585. .580. -587, 588 
Old age (see Cycles of erosion) 

Omission of beds. 219, 222, 232, 233 
Oolites, 38, .39 

Orientation, crystallographic, 120 
dimensional. 120 
preferred, 95, 120, 270 
Original of a projected line, 392 
Orthoelase, 129 
Ostracods, 569 
Ottrelite, 266 
Outcrop, 2 

breadth of, 195 

effects of topography on breadth ol, 195 
Outcrops, beveling of, 406 
correlation of. 199 

disfribution of, as affected by topography, 

settling of, 408 
study of. 5, 396, 419 
Outliers, 241 
Overdeepeniiig by ice, 3 
Ovwbang. 297 
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Overlap, 70. 71. 208. 201». 220 
lake, 71. 72 
marine, 71, 72, 73 
non marine, 73 
reRresaive, 70, 71, 72 
transRrcfvtive, 70, 71, 72 
OversleepeniiiR by ice, 208, 344 
OverthrustiiiR. 274 

eoiitrastecl with uiiderthruHtiiiR, 213 
OverthniHts, 212, 214 
Owens Valley. Calif., 4r>, 58 
Oxidation, 40, 140 ‘ 

I* 

I'aee couiitot, 140 
Face length, 445, \ 10 
Facitig. 400. 403 
Pahoehoe. 23. 131 
Panhandle of Texas, 730 
PaFjer for the plane table, 433 
Parallel banded or streaked characttir in 
rocka, 8 

Parallel linear strueture, 207, 208 
Parallel structure, 27 
Pattern, valley, 378, 370, 380>»382 
Pay. 067 

Peat, 58, 50. 101, 370 
Pebbles, 35, 40. 01 
arrangement of, 04, 05 
in conglomerates, 8, 13, 34, 54 
distortion of, 275, 270 
faceted, 40, 41, 42 
glaciated, 42, 43 
grooved. 40 
intruforniational, 77 
isolated, 64, 02. 102, 190 
pitt^, 40, 43 
rounded, 45, 46 
scratched, 40, 41, 42 
sheared, 14, 47 
subangular. 40, 45 
wind worn, 44 
Pceos Jlivcr, 548 
Peg models, ^66, 667 
Pegmatite dikes, 150, 281. 280 
Pegmatitic texture, 116, 129 
Pelite. 36. 785 

Pcll>mell structure, 58 • 

Penepfain, 105, 322, 323. 324. 374 
dissected , 324 
Peneplane, 322 
Pennsylvania, tt27 
Period, 782 


Perioil'' of folding, 188 
Permeability of Hediments, 01, 03, 91, 570, 
579 

Permian Hfi.Hiii of Western 'I'exas. 168, 755 
PcTspeetive, angular. (MU», 601, 062 
horuun line in, 001 
parallel . 000, 001. 062 
viewpoint in, 003 
PetrofabricB, 270 

IVtrography, diwriptioii of, in a ge<i]oAie 
rei>or1, 700 
Peirolenni, 279, 280 
(See also (las; i)il) 

PheiiorTyats, 8.9. 12. il5. 110, 119, 120. 131, 
135 

Photogruphie mapping, aerial, 538, 539 
Photi>grApbN. 417, 448, 070 
ail plane, 538 558 
>>alKiiee in, 418 
obli(|ue, .5.37 
reeoiding. 45<t 

selection of Hiibjeete for. 117 
IMiysiographie conditions at time of depoMi- 
tiun, 101 

Phyniographie eveles of eroaion, 3<15 

PillnrH. rain, 302 

Pillow lava, 12 

Pillow Ntnictiire, 1 18 

PillowK, 12, 47, 117 

Pinching out of beria, 90, 91 

Pinriaeles, 348, 359 

Pipe, in wella, .560 

Pipes, flaatie, 76. Ill 

Pirason, L. V., 784 

PisoliteH, 39 

Pitch of a fold, 174, 175. 180 
Pits. 29, 30 
Plagiordaae, 129 
Plain, of arid denudation, 324 
graded river flood, 322 
of marine denudation, 324 
Plains, 315 

alluvial, 66, 314, 315. 320 
coastal, 60. 317, 321 
constructional. 317 
delta. 320. 321 
deRtructional, 322 
flood, 818, 366 
identification of, 316 
lake floor, 321 
outwash, 320, 333, 366 
sand. 321, 335 
tiU. 321 
volcanic, 317 
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Plane tahio, 432, 4G2. 403. 525. 526 
cenicrinic Uie, 401 
levelinR the. 401 
mapinng, 545 
method. 404. 490-520 
oriented. 433, 529, 532 
orienting the. 495 
paper for the, 433 
unorientod. 432 
IHaya lakes, 100. 103, 352 
Play as. 53, 54. 321, 322, 337, 352 
Plcietoceiie glaciation, 111, 312 
extent of, 354 
Plotting Hcale, 490 
Plucking by ice, 22, 40. 41 
Plunge of a fold, 174 
PneumatolyBin, 142, 400 
Polarity in coren, .507. .508 
Polarisation, 575 
Pole fltar, 494 

Polish, on fault surfacee, 222 
on rocks, 20, 21 
Ponding of atroams, 330 
Pores in rock material, 01, 01 
Porosity, determination of, 572, 573 
maximum, 62 
minimum, 02 
of sediments, 01, 02, 91 
Porphyritic striicture (texture), 1 10, 134 
Porphyry, 110 

Potential, boundary electro-chemical, 570, 
577 

defined, 714 
electrical, 574 

half'Oell electro-chemical, .575, 577 
Potential center, 767 
Potential function, 714 
methods, 715 
Potholes, 31 
Powers, Sidney, 170 

Procisioti, degree of, in barometric method, 
489 

Preferred orientation, 95, 120, 270 
Prehnite. 286 

Pressure, correction for, in barometric 
surveying, 474“480, 485 
differential, 263, 265 

effects of decrease of, on molten ro(;k, 128 
hydrostatic, 75, 661 

increase of. with depth, 65 
normal atmospheric,' 430 
in relation to rock deformation, 163 
. etntici 263 

/^oe, W. Armstrong. 19. 352 


Primal y fcaturch on rock.s, 6 
Priiilh, lectificd, ,542 • 

scale corrected, 542 
tilt corrected, 542 
Problem, three point, .511 
Profile mcthfHi, contiiiiious, 700 

sectioiiN 111 map construction, 604, 005 
Hhontirig (Hcisrnic), 749 
Projection, cabinet, 660 
isometric, 600 
Protractor, 440 

fur collection of dip, 805, 806 
PHammite, 785 
Psephite, 785 
J’wudophcnocrysts, 269 
Pscudoporphyritic, 269 
Pseiidostratification, 59 
Putniiin. W. C.. .371, 372 
Pyritc, 18, 286, 570 
Pyroclastic debris, 59 
Pyroclastic rocks, 121 , 156 

Q 

Quantities measured, 444 
Quarrying, natural, 22 
Quarts, 35. .36, 95, 99, 129, 141, 266, 268, 
276. 281, 289, 570 
(hiurtzitc, 12, 60, 139, 269 
Qtiotatioii» in a geologic report, 708 

R 

R value, in gravity measure ineuts, 720 
Radial drainage pattern, 380, 381 
Radiation, .506 
Radioactive method, 713 
Radioactivity, in bore holes, 587-588 
for correlation, 645 
rneasurcinent of, 713 
Rain prints, 53, 54, 102, 103 
Ramp, 212 
trough, 217 

valley, 240 t 

Ranges, 79(i 

Reconnai.ssHnce, 397, 416, 715 
mapping. 447 
preliminary, 416 

sketcRing, 537 ^ 

llecrystallixation, 64, 183, 266, £68, *269 
Rectangular drainage pattern, 379, 381 
Reduction tables, stadia, 439, 813 
Reed, R. D., 571 
Red, sand. 306 
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Roflfiction mrthof]. T.W-TWi 

RpplicAlfonB of, to K(*oloKy, 703 
Hubsurfuce fault iiiilipalrd by, CHI, 220 
Uefractiou, corn'otion for, .'iOl, .'K),') 
fan, 748, 740 

Rofraction method, 747-7r)ri 

applicatioim of, to gpoloRy. 748 
Hc>gre8Bion, 70, 73 
R»‘id, H. V., 200, 200. 207, 2J 1. 08* 

Hcj II venation of HtreaiuK, 305. 314, 315 
Repetition of bedn. 210. 222. 230. 231, 23.3 
UeporlH, geologic, prepamlion of. 702 712 
Repose, angle of 00. 84. HU, 102. 335. 355 
Representative fraction, 38."i 
Resection, 452, 500, .525 
Residues, insnluble, .500 
Re.sistivity, of different rock inuteriuls, 
578, 708 
srx^cific, 760 
Rettger R. E.. 048 
Reversals in dip, 169 
Rhoile Island, 320 
Rhythms in sti atificat ion , 01, 92 
Rich. John L., .537, 5.38, 095 
Ridges, 348 
eoiistructioiinl, 350 
destrurtional, 350 
winter talus, 3.59 
Rift, 211, 217 
trough, 217 
valley, 240 
Rifts, .330, .331 
Rill marks, 51, 52, 98, 102 
Ripple mark, 16, 86, 98, 275, 276, 280 
Ripple marks, 49-51, 86, 95, 96, 98, 102, 103, 
187 

River beds, pebbles in 95 
River erosion, 297, 314, .347, 305-368 
downward. 313, 314, 366 
lateral, 313, 314, 366 
Rivers, consequent, 382 
superposed, 382 
undermining by, 22 
work of, 76, 77 

Roches moutonn^ea, 23, 344, 360, 362 
Rock creep, 2, 293 
Rook destruction, 1 
Rock fabric, 270 

Rock fragments, 40, 41 * 

Rock faaeiera, 24. 25 

Roek types, symbols for, on maps, 596, 
597, 600 

Rocks, study ot, 413 
eurf.-ire features erf, 6 


Rodman. 43.3, 490 
Rods, leveling, 43.3 
stadia, 4.33 

lingers, ii. Slier Inirnc, 182 

Kouf pendants. 12.5, 147, 148 

Rout growth, 22 

Ross, (’larencc S., .571 

Houmania, 180. 183, 773 

Kudite, 785 

Run-olT, 326 

Russel). I. C'.. .346 

Rust, W. M.. 778 

Rust. 18, 00 

Rutile. .35, .570 

Rybar. Stephen, 716 

8 

Sabine uplift, 168 
Saddle, 170 

Salinity of subsurface waterrs, 576 
increase of, with depth, 05 
Salisbury, R. 1)., Ill, 113. 333, 3a3 
Salt, .50. .58, 0.5. 194. 321. 576, 767 

effeiMs of, in gtavily ineasurernents, 729 
Salt Creek dome, .584 
Salt crystals, 100 

Salt domes, 180- I ai, 217, d.57, 659. 720, 
726, 749, 7.54, 755 
on Rirtdanc maps, .550 
Salt Flat field. 770 
Salt lakes. .58 

Sairiph^H fioin bore-holes, study of, 568, .509 
Sand, sheet, 572 
Sand condition «. 91 
Sand grains, arrangement of, 95 
shape of, 36-89 
size of, 34, 35, 38 
Sand plains, pitted, 321 
Sands, angular, 36, 37 
aqueoglacial, 37 
corroded. 39 
eoliaii, 30, 38, 30 
oolitic, 38 
residual, 35 
shoestring, 89 
volcanic, 37 

wind blown, 36, 38, 30, 84, 08 
Sandstones, 50, 403 
basal. 70 
river laid, 98 
wind laid. 08 
SanU Barbara, 544 
Sapping, 40. 41, 800 
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•Snylcw, n. W., fl? 

(•xaKffiMiitioii of. ilk NfutioiiH, 0 j 7 
on inapH, 385 
exagKorated, 387, 388 
natural, 387, 388 
natural. 817, 873 
for iiloitiiiK. 440 
Sottli'-oorrooled priuiH, 5*12 
SraipH, fault. 205, 200, 302, 303 
fault Ituc, 301 , 302 
(iSVr aluo (MilTs) 

Schist, 8. 17. 27. 8-1 

contorted lainiiifc in, 172 
III relation to intiUHivc* lock, 145, 150 
Mymboln for, on inapH, 507 
SchiaioHity, 10, 287, 272 
linear, 288, 270 
plane. 288, 278 

ScldierK. 10, 117, 118. 133, 138 
Schluinhcrger, (1. and M.. 574 
Schluinberger’H direct-currciu. incth<Ml, 771, 
773 

Schuchert, Charica, 570 
Hcoriaoeoufl alrucfure, 131 
Hcratchen, glacial, 25, 190, 344 

distinguiNhed from alickciiHidcH. 222 
on rockn, 8, 23-29 
iSca, regresHiiig, 71 , 72 
trutiHgresHiug, 71, 72 
Secondui’V features on roi'-ka, 8 
Seeriat, Mark H., 883 
Section, axial, 81 1 
l>a.<ic, 610 

completed, requisite data on, 820 
line of, 387, 010 
Sectiojia. columnar, 888 
ooniatruotioii of, 389 
direction for, 826 
enlargement of, 389. 390 
acrom faulta, 825, 828 
across folded strata. 819-824 
geologic. 809, 610, 811 

coiistruotioii of, 613-818. 710, 711 
across igneous rocks. 824 , 625 
interpretation of geologic, 818 
as land survey dtvisionh, 797. 798 
proGle, 380 

in map construction, 604. 005 
Bediment, defined, 2 
Sedimentary, defined, 2 
.Sedimentary deponlts, surface features of, 
^ 48 -^ 


Sediment aiy lorkh, rhtSHificstion of, 785 
id<*nttucation of, 787 i 

metamorphosed, diHlinguislied fiom 
metamorphosed igneous rocks, 280 
Sedimentation, 2G4 
SedimentN, identification of. 788-795 
source of, 97 

Segregations. 13. 47. 54. 118, 117, 118. 133. 
138 

ilistinguished from inclnsiojis, 147 
Seismic methods, 713, 714, 715 
instruments used in, 748 
Seismic records, 756, 704 
Sidsiitic waves, 742, 743, 744, 745 
Seismogrui>li, 748 
Seistnographic {see Seismic) 

Self-potential curve, 574 
Seiniarid regions, .53. 93 
Separation, 208, 207 , 208, 209 
Sequenee, 782 

of strata in travi^rsing, 108 
Settling, diffeiential, 178 
gravitative, 211 
i.sostatic, 175, 178 
of sediments, 95, 192, 408 
Shuler, N. S., 84 , 808 
Sharpe, C. K. Stewart, 2, 293 
Shaw, E. W., 383 
Shearing, 179 
of till. 59 

Sh««t. inteifftniiational. 123 
Sheet jointing, 59 
Sheet sand, 572 
SheetfioiKl. 2. 100, 324 
Sheets, 123 
intrusive, 412 
joint. 251 

Sheldon. 1’., 008, 009 
Shells on heaehes. 52 
Sherrill. K. E.. 64, 203 
Sherxer, W. H., 36 
Shift. 206, 209 

of a fault, determination of, 006-701 
Shoestring sands. 89 
Shore Uiu^s, abandoned, 370. ^78 
Shortening, 179 
Shot point, 744, 748 

Shiinkage of sedimeuU under overhurden. 
177f 178 

Sights, inclined, 501-504 
Silica, 00 

Sills, 9, 11, 122, 123, 127, 14*9. 161, 412 
distinguished from flows. 152, 15.3 
on a map, 078 
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SiHn, ill rdatioh to topoRr&pliy, 102 
topoRraphlc expression of, 167 
Silt » .'16 
Sinks, 70 

rlestnictioiiHl, .'{37 
in limestone eouritrif^, 337, 338 
voleiifiie, 331, 334 
Skeels. 1). C., 214 
Sketches, 070 
Sky line, evei), 324 

Sliekcnsidcs, 21, 28, 43, 206, 221, 222. 

241 

(listingui.shed from Rlnrinl seratehes. 

Slide rule, stadia, 430 
SJii». 200. 200 

of a fault, determination of, 000-701 
Slope, dip, 300. 301 
disianer, 444, 620, 630 
of dunes, 362 

wjuivaleiit ariRles of, and F»er rent gr: 

802 

inclination of, on a map. 304 
incasurenient of, 425, 420, 427, 428, 
inethods of expressing, 304 
Slopes, dip, 291 

sigiiificaiiec of, 201-203 
sliding on, 400, 401, 408 
of volcanic cones, 350 
Sliunping, 56. 57, 84, 183 
Slush pit, 560 
Smith, A. L., 82, 319 
Hiiiith, H. T. U,, 784 

Smitb. W. S. Tangier. 692, 805, 8^)6, 810, 
811 

Sodium carbonate, 66 

Soil creep, 2, 293. 366, 374, 400 

Soil mantle, 400 

Soils, residual, 19 

Sole. 212 

Solifluction, 2 

Solution. 1, 30, 31, 43. 44 . 69, 75, 76, 183, 
102 

eaves, 347 

of coilntry rQck, 132 
grooves, 27 
magmatic, 145 

(See also Differentiation; Mognu.tic) 
pits. 32. 43 % 

of problems, 684, 701 
valleys, 341 
Sorting. 55. 56, 77 
South Dakota, 380 
Spalls, 41, 148, 149, 200 


SiMTiinens, enllection and triniiiiing of, 416 
hand, 416 
recording, 4.>6 
Spheriilites, 13 
Spine, 140 
Spita, 84. 306. 307 
Spray inipiintM, TH 
Sjmrr, .1, K., 2H.3 
Spurs, faceted. 203. 302. 303 
Stacks. 312. 313. .{62 
Sindiu, redueiion tnliles, 430, 813-810 
Siudia, roda, 433 
Stadia, alide lule, 430 
Stadia, traverHiiig, .512, .‘i2.5, 5.‘{3 
Stalnrtite.M, 286 
StalaginiteN. 286 
Statu olite. III. 26.5, 670 
Slelmiger drum. 4.{5. 436. 4tH», 500. 601, 610 
621. 523 

Step, half, 435, 616 

in aiirveving. 436, 160, 6J5 
StnpFung, 426, 4<U>, 616 
in eleetrieal field work. 773 
StepM, plateau. 312, 313, 314 
.SteptiHK, 360, 363 

SieieoHcope in geologic mapping. .5.50-668 
StoekM. igneoiiK, 122, 136. 160 
.Stopiiig, oveiheail, 143, 1.50, 151 
.Stiuta, 66 

on rnapa, 601. 602, 603 
III relation to topography, HHi 108 
ayrnbolH for, on map*, 605, 600. ,507 
Stratigraphic interval. 00, 404, .562 
Stiatigraidiie Nt^dion, variatiotm in thick- 
ness of, 644 

Stratigraphic Hcqucnce. 110, 409. 410 
Stratification, 10, 65, .56, 69 
ahseiice of, .56-58 

Stratigraiihy, descrifition of. in a geologic 
report, 706 
Striae, glacial, 2642 
Strike, 6. 174, 175 

determination of, 403*406, 412, 420. 460, 
691-696 
of faults, 205 
recording of. 448, 464 
symbols for, 595. 596. 597 
traverses along or across. 197, 19$ 

Siring, of pipe. 560 
of tools, 559, 562 
Structure, cataelasUe. 268 
Structure contour maps. 626-63t 

(See ofeo Xfaps. structure contour) 
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Stiuctuif*. j^roloKir, relations of HubHurfaeo 
tfiriperafun- to, .' 18 .')- 587 

itnhriettte, 21 “t 

Slniet.uroH, i^eoloitii', ou uii piano photo- 
Kiu|>hs, 545 
Htnfe, :n3. 314 

Suhjiiront iRuoous horlioH. \22 

SiiliHidniire, 2, 104, 327 
efforts of. 81. 203 
iSultHiirfHOc fceoloicy, .1.50-. 503 
Siif>Hiirfaot‘ strueliiro, iiitoiproliilioiih of, 018 
Sun Imkinfc, 02 

Sun crackH. 11, 52, 53, 70, 02. 100, 102, 103, 
104, 188 

SuiniberK, Karl, 707, 708, 775 
•SiiperpOHr^d atr<viin, 382 
Surfanr, ei|uipu(entiul, 707 
Sutfac*(*j«, fUTiooth, 20, 21 
of wenkncHH, 20 
SurvnyinR, elertri<'Hl, 573-581 
Suacoptilnlity, inaKuctic, 713 
SwarnpH. 317, 320 
('(HtHtal plain, 320 
liillsidc*. 320 
SwrdenborR, E. A., 571 
SvinholH, on maps, .50,5-500 
on HiH'tionH, 000, 010, 012 
on topofpnphic niupa, 383 
S\iiclinal howins a afructurc contour 
map, 030 
S.viu'tinc^, 104 

aHyinmtdrical, 104, 100, 107 
compoj»itp, 108 
isoclinal, 104 
regional, 168, 182 
.symmetrical. 104, 100, 107 
Syticlitioriuin, 168 
Syntcctica, 137 
System, 782 

T 

Tally register, 440 

Tuhia. 41, .50, 260, 205, 208. 301, 361 
Talus blociks, 4.5 
'Fafie, steel, 440 
Taping. 520 

Tehuantepec, Isthmus of, 180 
TemtHirature, in barometric surveying, 468, 
474. 480-480 

in contact iiietamorjphuun, 141 
Temperature changes, 21 
Tein|>eratureeflfecta of tlecreaae of, on iiu4teu 
rock, 128 

i:W»l»«rgturo gradient, 582. 587 


Temperature increase with depth, 00, 0.5 
'J*piiipcniture inoasurement of, 713 
3'eriiperatuf'e in relation to igneous inti 11 - 
sion, 140, 150 

'reiiiperaturo in relation to rock ileforina- 
tion, 163 

'romrierature underground. 582-587 
'I'erra rossu, 69 
Terrace, 309 

striietural, 164, 165, 167 
on a structure contour map, 6,30 
'I’erraces, 309 

constructional, 311 
ice pushed, 312 
off shore, 311 
river, 312, 314, .315 
wave built, 311, .312 

Texas. 108, 180, 183, 203, 2.33. 548, 5.50, .585, 
720, 722, 724, 730, 743, 749, 755, 770 
Texture, amorphous, 116 

dimse, 116 
glassy, 1 16 
granular, 116 

in igneous rocks, 115, 116, 130 
marginal, 133, 135, 137 
peginatiiic, 116, 129 
porphyrilic, 116 
in sedimentary rocks, 56, 06 
Thickness, of beds, 425 

dip, and depth, of inclined strata, 809 
of furmuliuiih, 0.54 
of a layer, measurement of, 680 
of stratigraphic section, variations ii^ 644 
Thinning, of formations [see Convergence) 
of sedimentary layers, 90 
Thom. W. T., Jr., 583, 584 
Thompson, G., 377 
Three-point problem, 511 
Thribbles, 660 
Throw, 209 
Thru.Hts, 211, 212, 237 
Thunderstorms, 468 
Tickell. F. G., .57 
Tiebar, 308, 300 
Tightness, 63 

Till, glacial, 37. 57. .59. 69, 77, 78, 93. 94. 

190. 321, 352, 356 
Tillite. 59 

Tilt-cofrected prints, 642 

Tilting, amuiuit of, 185 

Time as a factor in metamorphism, 263 

3'iine lines, 71, 73 

Time scale, ‘110, 782 

'Time value, 107, 109 
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Tobin Aerial Surveys, rA7, 549. 550 
Toinholu, SAS 

Top and bottom of beds, 187 
'I'opaz, 570 

'I'opoKraphic development, 365 
'ropoftraphie exiiressioii, 364, 409, 410 
of fohls, 194 
of iKiieoiiH bodies. 157 
TopOKiuidiie foims, 

eonstriiotionul, 290 
deslrucitofial, 290 
ncRativo, 290 ‘ 

T) 0 !*itive. 290 

related to faulting, 238-243 
Tofioffraphic iiistruutions, 519 
TopoRraphie maps, 383 
Topographic unconformity. 375 
'ropoRrapliy. 413 

deacrt, 321. 324, 325, 337 342. 350, 373- 
373 

dune. 332, 337, 350, 351, 352 
ofTecta of, on breadth of outcrop, 195 
on distribution of outcrops, 196 
on gravity observations, 721, 722, 723 
fault, 294, 290, 302-304. 310, 330, 331 , 3.50 
fuultlinc, 301, 340, 341. 342 
glacial, 321, 333, 334. 352, 353. 355, 356. 
357 

glacial out wash, 320, 327, 335, 343 , 354, 
355, 358 

glaciated, 298-301, 304, 305, 337, 343, 
344, 345, 340. 301. 302. 308 
kajrst, 338, 339 

landslide, 302, 335, 340. 358, 359 
moraine, 332, 334 
mountain, 290, 359 
plateau, 298, 313, 314, 300 
relations of, to geologic mapping, 599 
relations of joints to, 258 
river made, 297. 313. 314, 315, 318, 322, 
323, 324. 320, 336. 339, 340, 341, 343. 
359, 360, 301, 305. 368 
shore line, 297, 305-300. 311, 312, 313, 
318, 319, 321, 322, 326. 327, 336, 
347, 368-^73 

volcanic, 295. 317, 331. 334, 347, 350, 
360 

Topseto, 80. 81. 85 « 

Tornadves, 468 
Torsion. 180 
in faulting, 203 
in relation to faults, 203 
to joints, 253 
Torsion balance', 71f#, 721 


Torsion balance, compared with gravimeter, 
734 

quantities inoasuietl by, 719 
surveys, ud vantages uf, 735 
Tourmaline. 141 
Townships, 790 
Tracy, I. C.. 510 
Trains, valley, 320, 358 
TruiiHgiesKion, 70, 73, 177 
of f.MMils, 74 

Tratisiiiission of seismic waves, 7 12, 74.3, 
744. 750 

Transportation, of ineebaiiiciil sediments. 
55. 56 
of suiui, 35 
Trav'crse rlcdined, 443 
Tiaverses, barometer, 470, 471 473, 476 
eomi>u,Ms. 151. 1.52. 153, 457 459. .5:11 
hand level, 461 
plane table, 532 
stadia, 5.33 
nerttss .•‘trilire, 197 
along Hfrike, 107 
Tnangle of error, 510 
Tntingles, solution of, 800, 810, 81 1, 812 
Tiiuugululiori, 462, ,525, 529, .531 
net. 508. 50*1 

Trinimiiig specimens, 416, 417 
'rnieman, J. D., 281 
Tuff. 262 

'rurning iioints, 513, 514 
'I'liscaiont <piurtsite, 330, 537 
Twenhofel, W, II., 49 
Tw'isters, 468 

IJ 

Unconformities. 176, 188, 100, 400, 400, 414 
coiitrasteti with other eoritaciK, .398, 39!! 
interpretation of, 104' 110 
on a map, 070 

Unconformity, angular, 68, 188 
in Ised rock. 69 
blended. 15, 67, 09 
conditions of, 104-110 
local, 15, 76, 77, 78. 88, 98. 187 
parallel, fl8 

regional. 15, 67. 68, 70. 106. 187 
in rdatiem to subsurface maps, 649, 6.50 
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